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Summary 
    Ultraprecision micro-structured surfaces, such as micro-lens arrays, 
sinusoidal grid, Fresnel lenses, pyramids array, polygon mirrors, aspheric 
lenses, multi-focal lenses, have been increasingly used in a range of industries 
such as optics, semiconductor, precision die and mold, biomedical engineering, 
etc.  Fast tool servo (FTS) diamond turning is a potential process for precision 
machining of complex micro-structured surfaces with wavelength above tens 
of microns, which is difficult to be achieved economically by other processes. 
However, most of the researches in this area have focused on the development 
of the FTS to obtain higher performance and rarely studied it as a process for 
ultra-precision machining. This thesis presents the study and performance 
enhancement of FTS diamond turning of micro-structured surfaces for the best 
machined surface quality, resulting in a system which is able to select optimal 
cutting conditions and tool geometry, select the FTS to satisfy the chosen 
performance indices, generate tool path commands for machining, modify the 
commands to achieve high tracking performance and characterize the 
machined surface when given a desired micro-structured surface and material.  
    Firstly, quantitative indices are identified and chosen to indicate the ability 
of the FTS and the complexity of the surface, and are used to establish design 
criteria, with which a suitable FTS approach can be determined for a given 
micro-structured surface. 
    Secondly, the tool path generation and optimization for FTS diamond 
turning are systematically studied with the aim to obtain high precision form 
and nanometric surface finish, resulting in the development of a simulation 
system which is able to predict the theoretical machined surface quality and 
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optimally select machining parameters and tool geometry. Experiments have 
been conducted to show the effect of the machining parameters and validate 
the simulation system. 
    Thirdly, the component errors that cause profile error to the machined 
micro-structured surface are identified and methods for compensating their 
effects are proposed. Sliding error and dynamic error have been identified as 
two important causes of the profile errors in FTS diamond turning of micro-
structured surfaces. Experiments on facing, machining SWR, SWX, and MLA 
show that the profile errors could be greatly reduced.  
    Fourthly, FTS diamond turning of micro-structured surfaces on brittle 
materials has been investigated. A machining model has been developed for it 
to ensure ductile regime machining of brittle materials, with which an iterative 
numerical method is proposed to determine the maximum feedrate (fm) for 
producing crack-free micro-structured surfaces. Experiments on machining of 
SWR and MLA have validated the machining model and the method for 
determining fm. 
    Fifthly, an automatic form error evaluation method (AFEEM) is proposed to 
characterize the surface quality of the machined micro-structured surfaces. 
The AFEEM has been evaluated using simulated data and shown to possess 
sub-nanometer accuracy for surface characterization. The AFEEM has also 
been further verified using the measurement data of a micro-lens array. 
Comparing the areal error maps obtained by AFEEM and the method used in 
commercially available measurement instrumentation, it can be seen that the 
former reflects the actual form deviation of the machined surface and thus 
provides more information in characterizing the form error.  
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    Overall, the study and the developed performance enhancement methods 
have demonstrated that a properly designed and developed FTS diamond 
turning can be a feasible and efficient method for producing precision and 
complex micro-structured surfaces. In addition, a comprehensive computer-
based approach has also been developed to best select the cutting conditions, 
tool geometry and type of FTS,  and generate motion program for a given 
surface and material for desired machined surface quality. 
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edge (vi, vj) 
H    the local mean curvature 
gij   the Euclidian distance between vertices vi and vj 
gi, max   the max Euclidian distance from vertex vi  
Vr(p)   the integral volume descriptor at vertex p 
Rc, Rf   rotation matrix 
Tc, Tf   translation matrix 
AFEEM  automatic form error evaluation method 
AICP   adaptive iterative closest point 
CP   crack percentage 
CR   crack ratio 
DRAM  damage region analysis method 
FTS   fast tool servo 
MCR   measured crack ratio 
MLA   micro-lens array 
PCD   polycrystalline diamond 
PRBS   pseudo Random Binary Sequence 
SCD   single crystal diamond 
SWC   sinusoidal wave along the circumferential direction 
SWR   sinusoidal wave along the radial direction 
SWX   sinusoidal wave along the X direction 
TP    tool path 
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Chapter 1  
Introduction 
1.1 Background  
 Ultraprecision micro-structured surfaces with micrometer- or 
nanometer-level surface structures/patterns are increasingly used in a range of 
areas, such as engineering optics, biomedical product, semiconductor and data 
storage [1, 2]. These surfaces provide novel functions or combinations of 
functions. Examples of products with micro-structured surfaces include micro-
optical components such as micro-lens arrays (MLA), Fresnel lenses, contact 
lenses, polygon mirrors, pyramid arrays, aspheric lenses, and multi-focal 
lenses, corner-cubes, two-dimensional planar encoders, and antireflective 
gratings or channels with individual features of micrometer to sub-micrometer 
dimensions [3].  
Although micro-structured surfaces have wide application, its 
definition is still disputable. Therefore, the definition for “structured surfaces” 
and a similar concept called “engineered surfaces” from CIRP is quoted here 
[1]: “structured surfaces” – surfaces with a deterministic pattern of usually 
high-aspect-ratio geometric features designed to give a specific function; 
“engineered surfaces” – surfaces where the manufacturing process is 
optimized to generate variation in geometry and/or near surface material 
properties to give a specific function. In literature, other overlapping concepts 
often appear, e.g. non-axisymmetric surfaces, free-form surfaces, etc. To avoid 
confusion, the concept of structured surfaces which are not necessarily 
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isotropic is preferred in this thesis to include axisymmetric surfaces, non-
axisymmetric surfaces and free-form surfaces.  
Micro-structured surfaces can be produced by a number of electronic 
and optical methods, such as lithography with binary or stepped techniques, 
grey scale lithography, LIGA [4], electron beam direct writing method [5], 
direct laser writing method [6], the holographic method [7], etc. Standard 
lithography processes are well-characterized in the electronics industry and 
thus can be applied to micro-structured surface machining. However, due to 
depth-of-cut limitations, only two-dimensional structures with limited aspect 
ratios can be produced. Although “curved” surfaces can be approximated by 
binary structures or steps, the efficiency of such surfaces is limited. Grey scale 
lithography can produce structures with continuous three-dimensional profiles 
and LIGA processes can produce large aspect-ratios, but the combination of 
these capabilities is not currently possible with lithographic techniques, and 
profile control in gray scale lithography cannot be achieved without stringent 
process feedback. LIGA techniques are limited because they require the rather 
expensive synchrotron radiation. These methods are able to produce accurate 
structures which have extremely short spatial wavelengths in the order of 
micrometers or sub-micrometers. However, it is not easy and cost effective for 
these methods to fabricate complex profiles with wavelength in the range of 
tens to hundreds of micrometers [3, 8].  
An alternative fabrication method for these micro-structured surfaces is 
ultra-precision machining, including diamond turning, diamond flycutting and 
single-flute contour milling [3]. Among them, diamond turning is the focus of 
this thesis. In the diamond turning process, a single crystal diamond (SCD) or 
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polycrystalline diamond (PCD) tool is used on an ultra-precision machine to 
produce surfaces with optical-quality surface finish. However, the 
conventional diamond turning process can only cut rotationally symmetric 
surfaces, such as plane, sphere, cone and Fresnel lens, because the diamond 
tool is maintained at an essentially constant position relative to the machined 
part within each revolution [9]. To machine any micro-structured surfaces, an 
active tool servo is needed to move the diamond tool rapidly within each 
revolution of the workpiece. This tool servo with rapid movement capability is 
called Fast Tool Servo (FTS), which was introduced by Patterson and Magrab 
[10]. FTS has been extensively studied by several research groups. Its 
functions have been extended from correcting systematic errors [10-13] to 
fabricating structured surfaces [8, 9, 14-18]. Although FTS diamond turning is 
a potential process for fabricating micro-structured surfaces, there are still 
several issues pertaining to this process, which are presented in the following 
sections. 
1.2 Problem statement 
FTS diamond turning is a relatively new process for the fabrication of 
micro-structured surfaces. The key component, namely FTS, in this process 
has been studied for around 30 years. The major research topics surrounding 
FTS include: designing FTS with different types of actuators for larger travel 
range, including piezoelectric actuator [10, 11, 14, 19, 20], voice coil actuator 
[21-24], electromagnetic actuator [25, 26] and hybrid actuator [27, 28], for 
larger travel range, higher bandwidth, and higher position accuracy; analyzing 
the guiding structure to achieve optimal design for the FTS; designing suitable 
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control algorithm for the FTS to achieve better tracking performance and/or 
repeatability [19, 20, 29]; arranging different types of feedbacks for higher 
machining surface quality [8, 13, 30], etc. Although FTS received extensive 
study, most of the researches focused on the development of the FTS itself to 
obtain higher capabilities, which are crucial for the progress of this 
technology.  But further study on integrating FTS into diamond turning 
machine and related areas are needed in order to enhance the capability and 
performance of FTS diamond turning for the fabrication of micro-structured 
surfaces. 
Several researchers integrated the FTS developed into a diamond 
turning machine in order to fabricate the micro-structured surfaces [8, 14, 31]. 
Dow et al. [14] designed a controller architecture for integrating an FTS into a 
diamond turning machine, and achieved machining of non-rotationally 
symmetric surfaces such as toric and off-axis segment of a parabolic mirror. 
Gao et al. [8] machined a sinusoidal grid for a new surface encoder by FTS 
diamond turning (with 2.5 kHz bandwidth). The sinusoidal grid has a 
sinusoidal profile of spatial wavelengths of 100 µm and 100 nm in both the X-
direction and the Y-direction. The depth-of-cut data was calculated before 
machining and sent to the FTS controller responding to the trigger signal from 
the rotary encoder of the spindle. Brecher et al. [32] designed a PC-based 
controller for the FTS for set point calculation and for the position and 
velocity control loop of the drives. The system was designed to fabricate free-
form surfaces with optical quality. They proposed using the data set of the 
surface (NURBS data format) to generate tool path on-line for machining. The 
FTS’s capability was described by tracking sinusoidal motion. It can achieve 
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full stroke (8mm) for frequencies below 32Hz and sine strokes of 300um at 
300Hz.  
The aforementioned designs indicate that FTS was primarily viewed as 
an auxiliary axis to the diamond turning machine. The motion of the FTS was 
synchronized with the spindle and x slide of the diamond turning machine by 
building an interface between the controller for the FTS and the machine. 
Such interface enables reading of the spindle and slide information to 
calculate/fetch the displacement of the FTS and then actuate the diamond tool 
to the desire position. Although such configuration is able to integrate the FTS 
into the existing diamond turning machine, independent FTS control has 
accuracy limitation because it is difficult to synchronize or tune the FTS 
motion with the spindle and slide motions. In order to achieve better 
synchronization, one possible method is to incorporate the FTS into the 
machine as an additional primary axis and control it by the same machine 
controller.  Since all the axes are controlled and coordinated by the same 
controller, it is much easier to synchronize the movements of the FTS to the 
other axes. In addition, the programming for the fabrication of micro-
structured surfaces can utilize the typical programming concept used in CNC 
machining.  
Although some micro-structured surfaces have been successfully 
fabricated FTS diamond turning in literature [8, 14, 25, 33], the FTS diamond 
turning is rarely studied from the machining process perspective. Therefore, a 
detailed study on the process is needed to enhance its performance for the best 
machined surface quality. In order to realize the optimization of the FTS 
diamond turning process, the following problems need to be solved: 
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Firstly, quantitative indices are needed to indicate the ability of the 
FTS and the complexity of the surface. With the indices, suitable FTS can be 
determined for a given micro-structured surface. 
Secondly, the machined surface quality is the key concern when 
fabricating micro-structured surfaces. It is determined by the cutting 
conditions, machine tool accuracy, material, and machining process, etc. 
Therefore, if a suitable modeling and simulation system can be developed for 
the machining process to predict the machined surface quality, the cutting 
conditions can be chosen accordingly to attain the required surface quality. 
The modeling and simulation system should also be able to generate the tool 
path for machining. 
Thirdly, the dynamics of the FTS will influence the machined surface 
fidelity greatly. Therefore, the dynamics effect of the FTS has to be 
compensated by modifying the tool path command with appropriate algorithm.  
Fourthly, this process is based on ultra-precision diamond turning, 
which has been studied by many researchers and thus their results are still 
applicable in this method. However, there are also some special 
characteristics. For example, the cutting speed, effective cutting angles and 
un-deformed chip shape are not constant but change continuously. Therefore, 
further study regarding the machining mechanism for different materials is 
needed in order to optimize the cutting conditions.  
Fifthly, the machined micro-structured surfaces are complex with 
repeated surface feature patterns, which makes them difficult to characterize at 
sub-nanometer accuracy. To evaluate the machined surface quality, suitable 
parameters need to be established to characterize the 3D surfaces. In addition, 
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the commonly used measurement devices, such as Taylor Hobson surface 
profiler, Zygo White Light Interferometer, and AFM are enough to obtain the 
surface roughness but not able to obtain the form error of the machined 
surfaces. Therefore, an automatic form error evaluation method is needed to 
characterize the machined micro-structured surfaces. 
1.3 Research objectives and scope of work 
The above review of literature indicate that many researchers have 
been conducted on developing different types of FTS for higher performance; 
however, relatively few studies have focused on performance enhancement of 
the FTS diamond turning process for the best machined surface quality. It is 
clear that:  
1. There are few studies on geometric simulation and tool path generation 
for the FTS diamond turning of micro-structured surfaces. 
2. The influence of the FTS dynamics needs to be minimized. 
3. The machining mechanism of the FTS diamond turning of micro-
structured surfaces on ductile and brittle material needs to be better 
understood. 
4. There is a lack of a suitable surface characterization method for the 
micro-structured surfaces. 
The overall aim of this research is to study and enhance the 
performance of FTS diamond turning process for fabricating micro-structured 
surfaces by building a system as depicted in Figure 1.1. When given a desired 
surface and material, the system is to be able to select optimal cutting 
conditions and tool geometry, select the FTS to satisfy the chosen performance 
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indices, generate tool path commands for machining, modify the commands to 
achieve high tracking performance and characterize the machined surface. The 
criterion for any selection decision is on the surface quality. 
In order to achieve the above aims, objectives of this research are to: 
1. establish a computational technique to generate tool paths for uniform 
or non-uniform surfaces and modify the tool paths to compensate the 
influence of tool nose radius 
2. develop a process planning system to generate and simulate the surface 
to be machined, compute the surface roughness, and find the optimal 
cutting conditions when given the material and surface characteristics 
3. establish quantitative indices to indicate the ability of the FTS and the 
complexity of the surface and determine suitable FTS for a given 
micro-structured surface 
4. develop a control technique to modify the tool path commands in order 
to reduce the influence of the FTS dynamics on the machined surface 
quality 
5. study the machining mechanism for the ductile material and brittle 
material in this process and use the mechanism to further optimize the 
selection of  cutting conditions 
6. establish a surface characterization method to evaluate the surface 
quality of the machined micro-structured surfaces 
1.4 Thesis organization 
This thesis is organized as follows: 
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Chapter 1 provides an introduction of the research on FTS diamond turning of 
micro-structured surfaces.  
Chapter 2 reviews the previous research studies on FTS and its application to 
produce micro-structured surfaces. Literature on tool path generation and 
geometric simulation, profile error compensation, machining mechanism and 
surface characterization are reviewed in detail to highlight the problems to be 
solved. 
Chapter 3 presents the working principle of FTS diamond turning of micro-
structured surfaces. An incorporated controller configuration is introduced to 
integrate the FTS into the conventional diamond turning machine. In addition, 
quantitative indices are established to indicate the ability of the FTS and the 
complexity of the surface. A set of design criteria is established to determine 
suitable FTS for a given micro-structured surface 
Chapter 4 presents the tool path generation and optimization for FTS diamond 
turning micro-structured surfaces. The tool path generation for micro-
structured surface with analytical description and NURBS description is 
introduced. A simulation system is established to predict the machined surface 
quality, with which the machining parameters including feedrate, spindle 
speed, tool nose radius and sampling number can be optimally selected.  
Chapter 5 presents the profile error compensation in FTS diamond turning of 
micro-structured surfaces. Two component errors, i.e. sliding error and 
dynamic error, are identified to be the major causes for the profile error in the 
machined surfaces. Methods are proposed to compensate the sliding-induced 
profile error and the dynamics-induced profile error. 
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Chapter 6 considers the influence of the material properties on the machined 
surface quality. The machining mechanism for brittle materials is studied by 
both experiments and simulations, which is integrated into the simulation 
system to optimize the cutting conditions for better surface quality. A 
machining model is presented for FTS diamond turning of micro-structured 
functional surfaces to ensure ductile regime machining of brittle materials, in 
which the material is removed by both plastic deformation and brittle fracture, 
but the cracks produced are prevented from extending into the finished 
surface. 
Chapter 7 presents an automatic form error evaluation method for 
characterizing the quality of the machined micro-structured surface. The form 
error is obtained as the difference between the designed surface and the 
measured surface, which is registered to the former one thorough a feature-
based coarse registration and an ICP-based fine registration.  
Chapter 8 concludes the thesis and recommends works for future research. 
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Chapter 2  
Literature Review 
2.1 Introduction 
Micro-structured surfaces have been increasingly used in various 
applications, such as optics, photonics, opto-mechanics-electronics, 
telecommunications, biomedical product, semiconductor, etc [1] as micro-
structured surfaces exhibit many novel and excellent functions and features 
compared to smooth surfaces. For example, micro-structured surfaces with 
micro pyramids of different heights can significantly improve cooling 
performance of a super-heated wall [34]. Micro-structured surfaces created on 
the tool face lead to high cutting performance [35, 36]. Micro porosity and 
morphology patterned on crystalline silicon solar cells can reduce surface 
reflectance and improve the cells’ efficiency [37]. Micro-lens array has been 
used in fiber coupling and optical switching, collimation of lasers diodes, 
imaging systems and sensors, beam homogenizers for lasers and illumination 
systems, array optics featuring high precision, aspherical lenses for creating 
the best imaging characteristics, etc [38]. Micro-structured surfaces with 
sinusoidal grids are used as surface encoders for multi-axis position 
measurement [8].  
Hence, suitable micro-structured surfaces are increasingly used in 
various applications that mostly require demanding or high performance. This 
chapter focuses and reviews the key issues on the fabrication of micro-
structured surfaces.  
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2.2 Methods for fabricating micro-structured surfaces  
 When feature sizes of the structured surfaces are scaled down to 
micrometer level as micro-structured surfaces, their fabrications are much 
more challenging. The fabrication methods in literature can be classified into 
the categories as shown in Figure 2.1. 
 
Figure 2.1 Methods for fabricating micro-structured surfaces 
 
MEMS processes:  These processes are not specific for fabrication of 
micro-structured surfaces. However, they are suitable for fabricating micro-
structured surfaces. Binary optics, for example, are produced by a series of 
steps in which the photoresist is exposed in an appropriate pattern and then 
etched. Setzu et al. used photo-lithography for 2D optical microstructures in 
porous silicon [39]. The LIGA technology comprises the process of X-ray 
lithography, electroforming and casting. It enables the manufacturing of 
micro-components made of non-silicon materials like plastics, metals and 
ceramics with almost any kind of lateral geometry and very high aspect ratio 
[4]. Micro-structured optical elements for visible light can be fabricated by 
means of LIGA-technology [40]. All lithographic processes are followed by 
some form of etching. These processes are very flexible and can fabricate 
surfaces with extremely short spatial wavelengths, but they are mostly specific 
to a particular class of materials, highly sophisticated and expensive [41].  
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Energy-assisted processes: For laser beam machining, different types 
of lasers have been established for machining of diverse materials. Nd-YAG 
lasers (λ=1.06 µm) works well with metals and diamonds. Excimer lasers 
(λ=193 ~ 350 nm) can be used to produce extremely small structures. Dubey et 
al. [42] reviewed the laser beam machining technology. Both laser direct 
writing and excimer laser machining can be used effectively in fabricating 
microstructures [6, 43].  Focused ion beam machining [44, 45] is an 
alternative method for fine structures, but the removal rates are very low, of 
the order of some µm3/s. Gallium ions are typically used with the introduction 
of secondary gases into the system to cause sputter rates or cause selective 
deposition. It has been used to fabricate micro-lens arrays [46], but the surface 
quality is heavily dependent on the working temperature and pressure. 
Electron beam machining [5] of microstructures is an alternative to laser 
writing because it can achieve much smaller spot size. This technique is highly 
developed for integrated circuit (IC) mask production and useful for 
production of micro-structured surfaces such as binary optics [1].  
Micro-replication processes: Micro-replication processes, e.g. 
embossing [47, 48], molding or casting, are economic production methods for 
micro-structured surfaces. However, the surface finish of the mold deteriorates 
after each embossing. 
Mechanical processes: Mechanical processes are crucial for 
fabrication of micro-structured surfaces, either for direct machining of the 
parts or making of molds for their production. These processes include 
diamond turning, milling, grinding, and micro-engraving. Among them, 
diamond turning is the focus of this study.  
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Single-point diamond turning is a relatively established machining 
technology for the fabrication of precision parts on ductile materials [49]. It 
also is a potential technology for machining of brittle materials [50, 51]. 
Commercial diamond turning machine is able to machine axisymmetric 
surfaces [52], e.g. sphere and cone surface, with optical-quality surface finish. 
However, due to the large moving mass, it is not time efficient and easy to 
produce micro-structured surfaces. To overcome this problem, FTS which has 
small mass of the moving part (including the tool and some guiding structures) 
has been developed to actuate the diamond tool fast enough to machine micro-
structured surfaces with complex geometries [8, 9, 53]. The research status of 
FTS will be reviewed in next section.  
Compared with the MEMS processes and energy-assisted processes, 
diamond turning with FTS has difficulty in fabricating micro-structured 
surfaces with spatial wavelengths shorter than several microns. However, it is 
superior to produce ultraprecision and complex micro-structured surfaces in 
the wavelength range of tens to hundreds of micrometers [8].  
2.3 FTS diamond turning 
Extensive research effort has been devoted to the development of FTS. 
FTSs reported in literature use a variety of actuating mechanism and 
configuration to achieve different capabilities, depending on the application 
needs. These different types of FTSs form a library for choice when designing 
a diamond turning machine with FTS for particular characteristics of micro-
structured surfaces. Therefore, it is necessary to review the typical types of 
FTS, although extensive reviews can be found in [9, 31, 54, 55]. 
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Piezoelectric FTS: Piezoelectric FTS is by far the most extensively studied, 
due to its advantages of fast response, high stiffness and high position 
accuracy. Piezoelectric materials can easily achieve bandwidth in the order of 
kHz, high dynamic stiffness (greater than 100 N/µm), compact size, high force 
and nanometric positioning accuracy. However, piezoelectric FTSs also 
exhibit some disadvantages: limited working frequency range due to the 
internal structural resonance modes of the piezoelectric actuator, limitation of 
the guiding structures; hysteresis due to the mechanical and electric energy 
losses, limited stroke, etc [56].  
Patterson and Magrab [10] designed an FTS using a piezoelectric 
actuator of 6 mm in diameter and 12.5mm in length supported by two 
diaphragm flexures to produce 2.5 µm stroke, 660 Hz bandwidth and 1.3nm 
dynamic repeatability. Kouno [57] designed a piezoelectric FTS with 6.5 µm 
stroke, 70 Hz bandwidth, 10 nm resolution and 300 N/µm stiffness. Kohno et 
al. [13] proposed an idea to improve the form accuracy by measuring the 
relative movement between the tool and workpiece and compensating it with 
the FTS. Fawcett [12] investigated the source of small amplitude vibration 
errors and corrected them by monitoring and compensating the disturbances 
using FTS. Hara et al. [58] developed a micro-cutting device with 
piezoelectric actuator and parallel spring to produce 3.7 µm stroke and 80 
N/µm stiffness. Okazaki [20] developed a fast tool servo with 5 µm stroke, 
470 Hz bandwidth and 5 nm resolution. Dow et al. [14] designed an FTS with 
5 µm stroke at 1kHz and a usable bandwidth of 2 kHz. Gan et al. [11] 
developed an FTS with 4.6 µm effective stroke and by integrating a cost-
effective position sensitive detector, which is able to correct the global 
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straightness error of the machine tool slide on-line. Woronko et al. [59] 
developed a piezo-based fast tool servo with a 38 µm stroke and 3.2 kHz 
bandwidth. Cuttino et al. [19] developed an FTS with long stroke of 100 µm 
and 100 Hz bandwidth. The long stroke was achieved at the cost of 13 cm long 
PZT stack and a water cooling system. Gao et al. [8] constructed an FTS using 
a piezoelectric tube actuator with a bandwidth of 2.5 kHz and several 
nanometers of resolution.   
FTSs using other types of actuators: Piezoelectric FTS normally can achieve 
limited stroke (usually less than 100 µm) as reviewed above. Therefore, some 
researchers designed FTSs using other types of actuators, e.g. voice coil 
actuators, brushless linear, rotary motors and self-designed actuators etc, to 
achieve much longer stroke or higher bandwidth, or combining different types 
of actuators to fully utilize the advantages of both servos while supplementing 
their drawbacks.  
Douglass [21] used a voice coil actuator for a fast tool servo to achieve 
a stroke of 500 µm and 100 Hz bandwidth. Greene and Shinstock [60] 
developed a fast tool servo using voice coil actuator to achieve 6 mm stroke 
and 100 Hz bandwidth. But its dynamic stiffness was too low (only 15 Hz) to 
be used for machining structured surface. Rakuff and Cuttino [24] developed a 
long range FTS using a voice coil actuator to achieve a stroke of 2 mm, 140 
Hz bandwidth and 26G acceleration. Wang and Yuan [22] developed a linear 
motor based FTS which has a stroke of 0.4 mm. It is able to track a sinusoidal 
trajectory with a frequency of 14.3 Hz and peak-to-peak amplitude of 0.4mm. 
The maximum trajectory error is about 8 µm. Ludwick and Trumper [23] built 
a rotary FTS using a brushless motor to achieve a stroke of 3 cm, bandwidth of 
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200Hz and micrometer resolution. This design is quite innovative. It can carry 
two or more tools which can be used for different machining stages, e.g. 
roughing and finishing operation.  
The above actuators were mostly utilized to achieve longer stroke. 
High bandwidth is a desirable merit for FTS. Thus, Lu and Trumper [25] 
developed a short-stroke high bandwidth electromagnetically actuated FTS 
with 30 µm stroke, 23 kHz closed-loop bandwidth, 500G peak acceleration at 
10 kHz open-loop operation and 1.7 nm RMS error. In their earlier designs, 
solenoid type actuators were used. The developed FTS is highly nonlinear 
because the actuating force is proportional to current squared and inversely 
proportional to air gap squared. To eliminate this nonlinearity, flux biasing 
was used in the new design and a hybrid rotary/linear fast tool servo designed 
by Montesanti [26] to achieve a stroke of 70 µm stroke, 10 kHz closed-loop 
bandwidth and 400G acceleration at 5 kHz.  
Weck et al. [61] proposed a hybrid concept for a long stroke fast tool 
servo by integrating a piezo system with a linear motor system: a stroke of 40 
µm at 1 kHz for the piezo system and a stroke of 2 mm at 40 Hz for the linear 
motor system. A water-cooling system was integrated to dissipate the power 
loss of the linear motor and the piezoelectric actuator. Lim and Kim [28] 
developed a dual servo stage mechanism with linear motors for the global 
stage and piezoelectric actuators for the micro stage. The stage had a 
positioning reproducibility to within 20 nm over 200mm×200mm. Pahk et al. 
[27] combined a global stage using a ball screw based on servo motor and a 
micro stage using a piezoelectric actuator to achieve a position accuracy of 10 
nm over a 200 mm stroke. 
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FTS diamond turning has the potential to produce micro-structured 
surfaces in a variety of nonferrous materials with high form of fidelity and 
short production time compared with the traditional sequential processes of 
milling, grinding and polishing. The addition of the FTS enables the diamond 
tool to be rapidly moved within each rotation of the workpiece to follow the 
desired path, which forms the micro-structured surface. In order to 
synchronize the motion of the FTS with the motion of the spindle and the 
slides, the commonly used controller configuration in literature is to design an 
independent controller for the FTS as shown in Figure 2.2. The FTS controller 
fetches the θ and x information from the spindle and the slide encoder in the 
diamond turning machine, calculate the movement of the FTS w according to 
the desired micro-structured surface or fetch the movement of the FTS w from 
a pre-calculated movement table and actuate the diamond tool to the desired 
position by the FTS.  
Miller et al. [53] designed a controller architecture similar to the one 
shown in Figure 2.2 for integrating an FTS into a diamond turning machine, 
and achieved machining of non-rotationally symmetric surfaces such as toric 
and off-axis segment of a parabolic mirror.  
Gao et al. [8] machined a sinusoidal grid for a new surface encoder by 
FTS diamond turning. The sinusoidal grid has a sinusoidal profile of spatial 
wavelengths of 100 µm and amplitude of 100 nm in both the X-direction and 
the Y-direction as shown in Figure 2.3. The depth of cut data was calculated 
before machining and sent to the FTS controller responding to the trigger 
signal from the rotary encoder of the spindle. 
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Brecher et al. designed a PC-based controller for the FTS for set point 
calculation and for the position and velocity control loop of the drives [32]. 
The system was designed to fabricate free-form surfaces with optical quality 
as shown in Figure 2.4. They proposed to use the data set of the surface 
(NURBS data format) to generate tool path on-line for machining. The FTS’s 
capability was described by tracking sinusoidal motion. It can achieve full 
stroke (8mm) for frequencies below 32 Hz and sine strokes of 300 µm at 300 
Hz. The surface quality was measured with a phase-shifting Twyman-Green 
Interferometer mounted on the ultra precision lathe.  
Lu [9] designed a real-time computer with 1 MHz real-time throughput 
to control the ultra-FTS with a closed-loop bandwidth of over 20 kHz, which 
is by far the fastest FTS in literature. Using the FTS, two-dimensional 
sinusoidal surfaces, as shown in Figure 2.5, with 0.5 degree azimuthal spatial 
period, 160 microns radial spatial period, and 2 micron peak-to-valley 
amplitude were machined on copper and aluminum at 500 RPM spindle speed.  
 
Figure 2.2 Conventional configuration of diamond turning with FTS 
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Figure 2.4 Manufactured free-form surfaces [32] 
 
Figure 2.5 2-D sinusoidal surface on OFHC copper workpiece [9] 
 
The above literatures adopted the similar controller configuration as 
shown in Figure 2.2 to achieve micro-structured surface fabrication. The 
advantage of this controller configuration is that it makes the FTS an 
independent add-on accessory to the diamond turning machine, which is 
desirable because it requires lower price for adding the non-rotationally 
symmetric fabrication capability to an existing diamond turning machine. 
Also, the servo controller can run at a much higher speed (10 kHz rate) than 
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the machine controller to make it able to machine surfaces with high spatial 
frequency features. However, an independent FTS control has accuracy 
limitations because the FTS motion cannot be perfectly synchronized with the 
spindle and the slide motions [53, 62]. In addition, a special independent 
controller and corresponding software for micro-structured fabrication are 
needed to be designed for the FTS, which requires customization of the 
programming.  
2.4 Tool path generation and geometric simulation for 
FTS diamond turning 
The modeling and simulation of a machining process usually aims to 
optimize the machining process without the need for costly trial-and-error 
cutting tests. For diamond turning, Cheung and Lee [63] described a model for 
the simulation of the topography in ultra-precision diamond turning. The 
effect of the tool-workpiece relative vibration on the machined surface profile 
was simulated and experimentally verified. Kwok et al. [15] introduced the 
ideas of tool path generator, surface topography model and optimization 
model but not studied in detail. The effect of feedrate, spindle speed and depth 
of cut on fabrication of micro-lens array was experimentally studied but the 
results have very limited usage to help optimizing the surface quality because 
the machining mechanism was not studied. Yang et al. [64] simulated the 
diamond turning of micro-structured surfaces from the control system point of 
view. However, the idealized model for each axis lacks guidance for actual 
application and their results were not verified by experiments.  
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2.5 Tracking control for the FTS  
The tracking performance of the FTS is the most important aspect to 
ensure the surface fidelity of the machined surface. In this section, some 
control algorithm that improves the tracking performance of a dynamic system 
is reviewed. 
1. Traditional feedback control 
The majority of industrial feedback control systems use PID controller, 
with proportional gain for servo stiffness, integral gain for steady state error 
elimination and external disturbance rejection and derivative gain for damping 
to stabilize the system.  
Cuttino and Miller [19] implemented a PID controller in order to 
reduce the hysteresis effects of the piezoelectric actuator in the FTS. 
Rasmessen [29]et al. implemented a PID controller in a piezoelectric FTS 
system and proved that it has poor tracking performance and step response 
compared with repetitive controller. Okazaki [20] introduced pole-zero 
cancellation with notch filter and state feedback observer to eliminate the non-
linearity in the PZT actuator and to improve the stiffness and response. The 
pole-zero cancellation schemes modifies the closed-loop dynamics resulting in 
reduction of steady-state amplitude gain errors, but cannot produce a zero 
phase response.  
Traditional feedback controller makes little or no use of the 
information of the future desired output. Therefore, its tracking performance is 
limited. 
2. Zero Phase Error Tracking Control (ZPETC) 
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ZPETC [65, 66] optimize tracking of the desired output by canceling 
the poles and cancelable zeros of the closed-loop system and compensating the 
phase shifts induced by uncancellable zeros, with the knowledge of future 
desired trajectories. If the system contains unstable zeros, a series of feed-
forward corrective gains expressed by these zeros were added to exponentially 
reduce the tracking error [67]. A limitation of ZPETC is that it is sensitive to 
modeling errors. 
In some applications, such as computer disk file systems, the desired 
output itself is not known in advance but possesses certain known property 
such as a known period. Such property can be utilized to design controllers, 
such as repetitive control, to absorb the tracking error in an asymptotic sense 
[66]. Rasmessen [29] et al employed a repetitive controller in order to control 
the tool tip to follow the desired path in non-circular machining. Crudele and 
Kurfees [68] designed a repetitive controller which uses position feedback of 
the tool in conjunction with position feedback of the spindle face via an eddy 
current probe for diamond turning with piezoelectric FTS.  
3. Input command modification 
Singhose [69] introduced an input shaping technique that reduces 
residual vibration of a flexible mechanical system when following an 
instantaneous change direction trajectory such as a step. This technique seems 
to be a promising command modification scheme for many applications, such 
as computer disk drive, nanopositioner, etc., but it is not suitable for precision 
machining because it does not correct the phase response errors.  
Witoon [70] introduced an inverse dynamics algorithm to enhance both 
the usable bandwidth and the tracking accuracy of the FTS. The desired input 
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command signal is modified by deconvolution with the closed-loop FTS 
dynamics. The author proposed adaptive scheme such as short-time Fourier 
transform and an equivalent inverse dynamics filter for real-time operation of 
command modification. These techniques are effective in compensating the 
errors caused by the FTS dynamics. However, the limitation of this method is 
that it relies on the FTS dynamics which is obtained by frequency response 
experiments. The frequency response is different at different amplitude, and 
therefore a gain scheduling scheme is needed to select the appropriate 
dynamics for command modification. Also, even the dynamics at fixed 
amplitude may change with time, which will cause trouble for real 
implementation. 
4. Sliding Mode Control 
Sliding mode control is well-known for its robustness against model 
uncertainties and external disturbances. It is able to force the system 
dynamics, which has nonlinear dynamics but is usually linearized in other 
control algorithms, onto a predefined sliding surface, which represents the 
desired dynamics.  
Zhu et al. [71] designed a sliding mode control for FTS to compensate 
the cutting force disturbances and piezo-ceramic nonlinearity, and keeps the 
tool tip at the desired location. Hwee et al. [72] proposed a sliding-mode 
enhanced adaptive control methodology for piezoelectric actuation systems to 
track specified motion trajectories, which is able to overcome the problems of 
unknown or uncertain system parameters, nonlinearities including hysteresis 
effect and external disturbance.  
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2.6 Machining mechanism of the FTS diamond turning 
In addition to the performance of the FTS diamond turning machine, 
e.g. the accuracy of the generated tool path and the tracking performance of 
the FTS, the properties of the material also greatly influence the machined 
surface quality and should be taken into account when selecting the machining 
parameters for the best surface quality. The materials can be roughly 
categorized into ductile material and brittle material. FTS diamond turning of 
micro-structured surfaces on brittle materials is rarely studied in literature [73]. 
It is challenging to machine micro-structured surfaces with mirror surface 
finish on brittle materials due to their low fracture toughness. It is widely 
accepted that ductile regime machining should be maintained during 
machining in order to achieve high quality finish.  
According to the hypothesis of ductile regime machining, all brittle 
materials will undergo a transition from brittle to ductile machining region at a 
critical undeformed chip thickness. Below this threshold, plastic deformation 
becomes energetically favorable as compared with fracture, and the material 
will deform instead of fracture [74, 75]. Liu and Li [76] observed that the 
ductile cutting mode can be realized when the undeformed chip thickness is 
smaller than the tool cutting edge radius and the tool cutting edge radius is 
small enough. Cai et al. [77] studied the nanoscale ductile mode cutting of 
monocrystalline silicon wafer by employing molecular dynamics method. He 
found that the thrust force dominates the cutting force, leading to compressive 
stress in the cutting zone. However, as the undeformed chip thickness 
increases, this compressive stress decreases, giving way to crack propagation 
in the chip formation zone. Fang et al. [78] proposed an extrusion-based model 
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for nanometric cutting and explained that when the undeformed chip thickness 
is smaller than the tool cutting edge radius, the negative effective rake angle 
produces necessary compressive stress in the cutting zone to enable plastic 
deformation. Nevertheless, it does not necessarily mean that the larger the tool 
cutting edge radius, the better the ductile mode cutting is, which was reported 
by Arefin et al. [79] that there is an upper bound of the tool cutting edge radius 
for ductile mode cutting of brittle materials, e.g. 700~800 nm for silicon.  
 There are two important parameters relating to ductile regime 
machining, which are critical depth of cut (tc) and subsurface damage depth 
(Cm) and may be experimentally or analytically obtained. Marshall and Lawn 
[80] performed indentation experiments on different materials and proposed a 
relationship between the depth of penetration by the indenter for crack 
initiation (tc) and the properties of the material. However, for a specific 
machining process, e.g. micro-milling and diamond turning, the complex tool-
workpiece interaction differs dynamically and geometrically from the 
deformation produced by indentation. Therefore, different experimental 
methods have been proposed to determine tc for different machining processes. 
For micro-milling, Matsumura et al. [81] related the ductile and brittle mode 
machining to the behavior of the cutting force and found that the ductile mode 
machining is characterized by a smooth force signal while that from the brittle 
mode machining oscillates about a constant mean value. Thus, tc can be 
estimated from the differences in the two types cutting force signals. For 
diamond turning, plunge cutting is a quite straightforward method to 
determine tc by observing the transition of the cutting mode from ductile to 
brittle [82]. In addition, Blake and Scattergood [75] proposed an interrupted-
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cutting test to study the ductile-to-brittle transition at the shoulder region and a 
machining model to determine tc from the location of the ductile-to-brittle 
transition. As to the subsurface damage depth Cm, Marshall et al. clearly 
identified the various radial and lateral crack systems associated with 
indentation [83] and proposed models to predict the size of the radial and 
lateral cracks [84, 85]. Arif et al. [86] claimed the milling process to be 
analogous to indentation and derived an analytical model to determine the 
critical feed per edge to achieve ductile mode machining based on Marshall et 
al.’s models [84]. For diamond turning, Blackley and Scattergood [51] 
proposed a phenomenological model of the ductile-to-brittle transition to 
quantitatively to determine tc and Cm.  
 Although grinding and lapping are commonly applied to achieve high 
quality surface on brittle materials, it is tedious to machine micro-structured 
surfaces with complex shapes and features [87, 88]. Non-traditional processes 
like electric discharge machining (EDM) [89] and electro-chemical machining 
(ECM) are difficult to apply in machining of brittle materials as most of them 
are poor conductor of electricity. Unlike conventional diamond turning, fast 
tool servo (FTS) diamond turning enables precision machining of complex 
micro-structured surfaces [8, 33, 90, 91], including both axisymmetric and 
non-axisymmetric surfaces, which are difficult to be achieved by grinding and 
lapping. However, few researches have been devoted to FTS diamond turning 
of micro-structured surfaces on brittle materials [73]. In this thesis, a 
machining model is developed for FTS diamond turning of micro-structured 
surfaces to ensure ductile regime machining of brittle materials, in which the 
material is removed by both plastic deformation and brittle fracture, but the 
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cracks produced are prevented from extending into the finished surface. Based 
on the model, an iterative numerical method is proposed to determine the 
maximum feedrate for producing crack-free micro-structured surfaces.  
2.7 Surface characterization of the micro-structured 
surfaces 
The micro-structured surface, e.g. the sinusoidal grid surface and the 
micro-lens array, machined by FTS diamond turning are complex with 
repeated surface feature patterns, which makes them difficult to be 
characterized with sub-nanometer accuracy.  
Interests in surface characterization research have generally shifted 
from profile to areal, from stochastic to structured surfaces, and from simple 
geometries to complex freeform surfaces [92]. In order to evaluate the form 
error, it is necessary to determine the exact relative position of the measured 
surface with respect to the designed surface. This process is called surface 
registration, surface matching or surface alignment, which is often formulated 
as a least square optimization problem to estimate a rigid transformation. This 
least square problem is normally solved by iterative methods [93]; however, it 
can converge to a local minimum solution and thus needs a good initial 
position estimation.  
Various approaches have been employed to conduct a coarse 
registration for initial position estimation. They could be classified into 
manual, semi-automatic and automatic registration approaches. Fan and Tsai 
[94] realized initial matching by human-computer interaction, which is a 
manual registration approach. Savio and De Chiffre [95] proposed a calibrated 
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artifact-based approach to obtain traceability of freeform surface measurement 
in order to generate a reference for freeform measurement. Kong et al. [96] 
proposed a coupled reference data method which employed some feature 
points for coarse matching. Their approach can be classified as semi-automatic 
approaches because it needs an additional artifact or reference which is 
inconvenient. For an automatic registration approach, some feature points are 
extracted from both the measured and designed surfaces and matched to obtain 
an initial position. Wang et al. [97] used feature centers and feature lines and 
Cheung et al. [98] proposed a five-point method to obtain the initial position. 
However, these methods assume that the measured surface and designed 
surface are of the same size and hence not suitable for partial registration. 
Zhang et al. [99] proposed a structured region signature which represents the 
surface shape by a one-dimensional function to search for an initial position. 
Shmukler and Fischer [100] used multi-scale shape descriptors to select 
features on the scanned data and identify their corresponding features on the 
CAD model. Cheung et al. [101] proposed a surface intrinsic feature based 
method which makes use of surface intrinsic properties, such as curvatures, 
normal vectors, torsion, intrinsic frames, etc. for the characterization of optical 
microstructures.  
Although significant achievement has been obtained in the 
characterization of freeform surfaces, little research effort has been devoted to 
the characterization of micro-structured surfaces. The characterization of 
micro-structured surfaces exhibits several challenges. Firstly, the surface 
characterization is required to attain sub-nanometer accuracy, which is not 
achieved for many of the above mentioned methods. Secondly, the micro-
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structured surfaces, e.g. the sinusoidal gird surface and the micro-lens array, 
have repeated surface feature pattern which makes the above mentioned 
feature-based approaches difficult to be applied directly. Thus, an automatic 
form error evaluation method is needed to obtain the form error between the 
designed surface and measured surface. 
2.8 Conclusions 
From the above literature review, it can be seen that the following 
issues need to be studied for FTS diamond turning of micro-structured 
surfaces: 
• A suitable criterion needs to be established to choose suitable FTS for a 
given micro-structured surface. 
• Modeling and simulation of the process are needed to predict the machined 
surface quality and find the optimal cutting conditions. 
• The errors existing in the FTS diamond turning machine need to be 
compensated due to the high precision required. 
• The properties of the material should be taken into account when selecting 
the machining parameters for the best surface quality. 
• A surface characterization method is needed to obtain the form error 
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Chapter 3  
FTS Diamond Turning Machine 
3.1 Introduction 
FTS diamond turning machine is evolved from traditional diamond 
turning machine by integrating an FTS [24, 25, 33, 102] or slow tool servo 
(STS) [103, 104] to rapidly move the cutting tool in and out of the workpiece 
in synchronization with the spindle rotation and X-slide. The main difference 
between FTS and STS is the bandwidth of the tool servo, but there is no clear 
boundary of bandwidth between them. Thus, the term – FTS – is used in this 
thesis to include both of them.  
This chapter presents the working principle for FTS diamond turning 
of micro-structured surfaces and a proposed systematic approach for designing 
an FTS diamond turning machine.  
3.2 Working principle 
The flowchart for FTS diamond turning of micro-structured surfaces is 
shown in Figure 3.1. For any micro-structured surface, suitable machining 
parameters are firstly selected by a simulation system that gives the best 
machined surface quality [105]. Then the corresponding tool path can be 
produced and decomposed into motion trajectories for each axis [106].  In 
order to ensure the profile accuracy of the micro-structured surfaces, the 
generated tool path needs to be modified to deal with the component errors of 
the machine tool. Therefore, the profile errors induced by the component 
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errors can be pre-compensated. With the modified tool path, motion program 
can be generated accordingly. The motion program is usually a large file that 
cannot be totally downloaded to the motion controller due to its limited RAM 
size. Therefore, machining is carried out at the same time as the program is 
downloading to the PMAC motion controller (Delta Tau Data Systems, Inc.) 
using a rotary buffer function to ensure real-time executing and streaming of 
the motion program to the controller. Finally, the machined micro-structured 
surface is measured by a high accuracy measurement device, such as white 
light interferometer. The measurement data are then compared with the 
designed micro-structured surface to verify the machining quality. 
 
Figure 3.1 Flowchart for machining micro-structured surfaces 
 
Figure 3.2 shows an FTS diamond turning machine, in which there are 
totally four axes: X-axis – the x slide, Z-axis – the z slide, C-axis – the spindle 
and W-axis – the FTS. Such a machining system is expressed in Cylindrical 
coordinates (ρ: X-axis, φ: C-axis and z: Z- and W-axis); whereas, the surface 
model to be machined is expressed in Cartesian coordinates (x, y, z). As the Z-
axis and W-axis is intrinsically actuating along the same axis with opposite 
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direction, the symbol z is used to indicate the resultant motion formed by both 
Z-axis and W-axis.  
For conversion between the two coordinate systems, it is convenient to 
assume that the Z-axis of both systems is coaxial and with the same datum 
zero. Thus, the transformation between the Cylindrical coordinates (ρ, φ) and 
Cartesian coordinates (x, y) is: 
 ( )
2 2

















                       (3.1) 
where ( )F ⋅ is to determine the total angle rotated after start of machining.  
 
Figure 3.2 Working principle of FTS diamond turning 
 
Consider the micro-structured surface with sinusoidal wave along the 
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where Ac is the wave amplitude, θ0=2π/Nw is the angle corresponding to one 
cycle of sinusoidal wave and Nw is the number of waves within one rotation. 
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For the SWC shown in Figure 3.3, Ac=1 µm and Nw=4. The SWC can be 





cos 2( , ) sin sinc cz A A
ρ ϕ




      
= ⋅ = ⋅     
 
 
             (3.3) 
Fabrication of the SWC involves directing the cutting tool to follow the 
relative tool path as shown in Figure 3.3, which is generated at the feedrate 
f=40 mm/min and the spindle speed υ=100 rpm. Decomposing the tool path 
TP(ρ(t), φ(t), z(t)) leads to motion trajectory for each axis as shown in Figure 
3.4.  
As the numerical controller used in the FTS diamond turning machine 
can only implement finite number of motion commands, the motion 
trajectories (ρ, φ, z) as shown in Figure 3.4 need to be sampled. It is more 
intuitive to understand such sampling by projecting the relative tool path to the 
XY plane. The projection of the relative tool path of any micro-structured 
surfaces to the XY plane is a spiral curve (ρ, φ) as shown in Figure 3.3, whose 
shape is determined by the feedrate f (mm/min) and spindle speed υ (rpm). An 
important parameter Nφ which divides one rotation equally into Nφ divisions is 
introduced to realize the sampling function. Therefore, a sampled spiral curve 
(ρ0, φ0) can be calculated by Eq. (3.4), e.g. the dotted spiral curve with Nφ=72 
which means that one point is taken at each 5-degree interval as shown in 
Figure 3.3.  
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where Rw is the radius of the workpiece. With the sampled spiral curve (ρ0, 
φ0), the sampled tool path TP(ρ(t0), φ(t0), z(t0)) for SWC at a particular f and υ 
can then be calculated by Eq. (3.3) and (3.4), e.g. the tool path in Figure 3.3. 
Portion of the ideal FTS motion z(t) and sampled FTS motion z(t0) respect to 
the spindle rotation angle φ is shown in Figure 3.5. Figure 3.6 shows the 
sampled motion tool path TP(ρ(t0), φ(t0), z(t0)) for each axis, which can also be 
viewed as a sampled version of the motion trajectories (ρ(t0), φ(t0), z(t0)) by 




                                             (3.5) 
The criterion for choosing the sampling number Nφ is to make sure that 
fs satisfy the Nyquist-Shannon sampling theorem, which means that fs should 
be at least higher than two times of the highest frequency component of the 
motion trajectory. In reality, Nφ is chosen to be as large as possible so long as 
the resulting motion commands do not exceed the throughput of the motion 
controller. Figure 3.7 shows the frequency spectrum of the sampled FTS 
motion trajectory z(t0) with the sampling frequency fs=60 Hz (substitute υ=50 
rpm, Nφ=72 into equation (3.5)). 
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Figure 3.3 A micro-structured surface with sinusoidal wave along 
circumferential direction 
 
Figure 3.4 Motion trajectories for each axis when machining SWC 
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Figure 3.6 Sampled motion trajectories for each axis when machining 
SWC 
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Figure 3.7 The frequency spectrum of the sampled FTS motion trajectory 
z(t0) 
With the sampled motion trajectories (ρ(t0), φ(t0), z(t0)), the motion 
program as shown in Figure 3.8 can be automatically generated to be executed 
by the PMAC controller for machining the micro-structured surface. 
In summary, the fabrication of the micro-structured surface can be 
realized by choosing an appropriate sampling number Nφ, generating the 
motion commands for each axis and coordinating the motion of each axis so 
that the cutting tool moves along the tool path TP(ρ(t), φ(t), z(t)) to form the 
surface by the interaction between the cutting tool and the workpiece. 
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Figure 3.8 Motion program for FTS diamond turning of micro-structured 
surface 
 
3.3 Design of an FTS diamond turning machine 
3.3.1 Controller configuration 
As reviewed in section 2.3, the controller configuration of the FTS 
diamond turning machine described in the literature typically treats the FTS as 
an add-on accessory which is controlled by an independent controller. This 
configuration has some disadvantages, such as synchronization problem, 
controller needs to be specially designed and the programming for the 
fabrication of micro-structured surfaces is more involved, requiring 
customization. Therefore, an incorporated controller configuration as shown in 















X-0.005556 C0.000000 W2.484808 
X-0.011111 C0.013889 W2.142788 
… 
… 
X-3.994444 C9.972222 W2.484808 
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Figure 3.9 Schematic diagram of the incorporated controller 
configuration 
 
In this configuration, the FTS is treated as an additional primary axis 
(W-axis) and controlled by the same controller as with the other machine axes. 
Since all the axes are controlled and coordinated by the same controller, it is 
much easier to synchronize the movement of the FTS to the other axes. In 
addition, the programming for the fabrication of micro-structured surfaces can 
utilize the programming concept used in CNC machining. The program for the 
fabrication of micro-structured surfaces is a series of commands “C φ0, X ρ0, 
W z0”, in which (ρ0, φ0, z0) is taken from the sampled tool path TP(ρ(t0), φ(t0), 
z(t0)) of the micro-structured surface. However, these merits come with a price. 
The micro-structured surface is decomposed into a large amount of points and 
therefore correspondingly large amount of motion commands is generated for 
the motion controller. Therefore, the controller is required to have large 
throughput capability. In this thesis, the PMAC motion controller (Delta Tau 
Data Systems, Inc.) is used for this purpose. The motion program for a micro-
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structured surface is generated off-line and passed from PC to the PMAC 
controller using the rotary buffer function while machining the surface. 
The main differences between the controller configuration with an 
independent FTS as an add-on accessory as shown in Figure 2.2 and the one 
with the FTS incorporated as a controlled axis of the machine controller are: 
1. The independent FTS controller reads the spindle and X-slide 
encoders, and uses the readings to calculate or fetch the corresponding 
motion command, and actuates the FTS to follow the motion trajectory 
[8]. In this way, there may be some lag in its motion trajectory because 
of the time spent on calculating or fetching motion command. Also, 
because   two controllers are used in this configuration, it may cause 
synchronization problems [53] for reasons such as signal aliasing and 
spindle fluctuation, as explained by Lu et al [62], which may result in 
part surface with bad trajectory generation [62] as shown in Figure 
3.10.  
 
Figure 3.10 Surface machined with bad trajectory generation 
 
2. Generation of tool paths for a micro-structured surface in an 
independent controller configuration is more limited.  For the 
independent controller configuration reported in [25, 53], the tool path 
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commands are calculated on-line, which requires the surfaces to be 
machined to be described by a single function, limiting the capability 
of the system. In [8], the tool path commands are generated off-line 
and thus can be used to fabricate any surfaces. The tool path 
commands are fetched from memory in real-time at every encoder 
pulse. After A/D conversion, the commands are sent to the FTS, which 
is controlled by an analog PID controller. This angle-synchronized 
commands generation configuration is not able to compensate the 
influence of the FTS dynamics.  
3. The independent controller configuration needs a specially designed 
controller for the FTS as reviewed in section 2.3. Therefore, it may not 
be convenient for this configuration to be generalized for use in 
industry.   
4. The incorporated FTS controller overcomes the above disadvantage 
over the independent controller but requires more control effort on the 
spindle and slide axes and its throughput may not be as high as some of 
the independent controllers reported [9, 33], which may limit the 
complexity of the micro-structured surfaces to be machined. 
3.3.2 Design criteria 
To design an FTS diamond turning machine for fabricating micro-
structured surfaces, the most important step is to choose or design a suitable 
type of FTS from the FTSs in literature. Table 3.1 summarizes the typical 
types of FTSs in literature, including piezoelectric FTS, Lorentz force FTS, 
Maxwell force FTS and Magnetostrictive FTS. To compare the relative 
performance of these FTSs, a plot of low-frequency (DC) stroke versus small 
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signal bandwidth as in [56] is constructed as shown in Figure 3.11.  The 
design of FTS diamond turning machine is narrowed to choose or design an 
FTS with suitable performance for the desired micro-structured surface to be 
machined. Therefore, some parameters need to be established to characterize 
the FTS performance and the surface complexity.  
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Figure 3.11 Performance comparison of the FTSs in literature 
 
The common performance indices for an FTS are stroke, bandwidth, 
resolution, and stiffness. The resolution refers to the achievable smallest 
positioning step of the FTS, while the stiffness reflects the FTS’s ability to 
resist cutting force, which means that higher stiffness is required when 
machining harder materials. Although both of them are important parameters, 
they are not directly related to surface complexity. Therefore, in this thesis the 
closed-loop bandwidth of the FTS fB and the corresponding stroke are chosen 
as the performance indices for the FTS. Different from the performance 
comparison in Figure 3.11, the bandwidth and the stroke should be achieved at 
the same time. Figure 3.12 shows the closed-loop frequency response of the 
FTS developed for the FTS diamond turning, from which it can be seen that fB 
is around 130 Hz. 
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Figure 3.12 Frequency response of the FTS controlled by a PID controller 
 
The surface complexity is a geometrical concept, which can be 
understood as how dense the surface features are distributed. Take the micro-
lens array in Figure 3.13 as an example, the 19×19 micro-lens array in Figure 
3.13(b) is obviously more complex than the 11×11 one in Figure 3.13(a). In 
order to compare with the FTS performance, the geometrical surface 
complexity is reflected on the tool path complexity when given the machining 
parameters. For example, with the machining parameters of feedrate f=0.25 
mm/min, spindle speed υ = 50 rpm and sampling number Nφ=720, the 
frequency spectrum of the 11×11 and 19×19 micro-lens array are shown in 
Figure 3.13(c) and (d) respectively. In this thesis, the maximum frequency 
component fm of the generated tool path and the height of the micro-structured 
surface are chosen to characterize the surface complexity. 
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          (a)     (b) 
   
           (c)     (d) 
Figure 3.13 (a) An 11×11 micro-lens array projected to XY plane; (b) A 
19×19 micro-lens array projected to XY plane; (c) Frequency spectrum 
for 11×11 micro-lens array with f=0.25 mm/min, υ = 50 rpm and Nφ=720; 
(d) Frequency spectrum for 19×19 micro-lens array with f=0.25 mm/min, 
υ = 50 rpm and Nφ=720 
 








                                      (3.6) 
where fB is the closed-loop bandwidth of the FTS and fm is the maximum 
frequency component of the FTS motion trajectory z(t).  
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3.3.3 Designed system description 
The FTS diamond turning machine [115] used in this thesis is shown in 
Figure 3.14. It consists of four axes, X-axis, Z-axis, C-axis and W-axis. The 
X-axis and Z-axis translational slides are driven by the AC servo motors 
(Yaskawa SGMAX-A3A761) with a gear ratio of 1/33 and with rotational 
speed range of 0 to 4000 rpm. The positions of X-axis and Z-axis slides are 
measured to a resolution of 5 nm using linear scales (Mercury M3500-M10-
4096-1-L55-C1). For the air bearing spindle (C-axis), a brushless DC motor 
(Canon SP-501HCL) is employed with a rotational speed range of 
20~15000rpm and the encoder resolution of 1024 line/revolution. The W-axis 
is a customized piezoelectric type FTS with positioning accuracy smaller than 
1 nm [30].  
 
Figure 3.14 Photo of the FTS diamond turning machine 
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3.4 Experiments 
3.4.1 Machining of MLA 
To show the feasibility and effectiveness of the incorporated controller 
configuration for the fabrication of micro-structured surfaces and the 
simulation system, an 11×11 micro-lens array was machined with parameters 
as shown in Table 3.2. The cutting conditions were chosen with the aid of the 
simulation system, which is detailed in Chapter 4, based on the capability of 
the existing FTS and the PMAC controller. 
Simulation for a portion of the simulated micro-lens array is shown in 
Figure 3.15(a). A photo for the machined micro-lens array is shown in Figure 
3.15(b). It can be seen that the MLA was successfully fabricated. The wave 
along radial direction superimposed on the MLA is caused by the sliding error 
of the X-axis [11]. This will be dealt with in Chapter 5. 
3.4.2 Machining of SWX 
The effect of the design criteria in Eq. (3.6) on machined surface 
quality will be reflected on the attenuation of the feature amplitude of the 
micro-structured surface. To illustrate it, sinusoidal wave along X direction 
(SWX) as shown in Figure 3.16(a) is fabricated with f=0.25 mm/min, υ= 50 
rpm and Nφ=720. The wave amplitude and wavelength are 1 µm and 500 µm 
respectively. Figure 3.16(b) shows the command and response of the first 
rotation of the tool path. It can be seen from the response figure (in Figure 
3.16(b)) that there is amplitude attenuation at the center part of each half 
rotation, which corresponds to the position 4, 3, 2 and 1 in Figure 3.16(a). To 
verify it, the machined surface is measured by white light interferometer at 
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these positions. For example, Figure 3.16(c) is the measured surface at 
position 4. Figure 3.16(d) shows the 2D frequency spectrum of the measured 
data by 2D-FFT. The measured amplitude and spatial frequency are 0.7597 
µm and 0.001877 µm-1, which is close to the wavelength of 500 µm. As the 
cutting tool moves from border to the center, the tool path in each rotation 
becomes less complex which means fm is smaller, resulting in less amplitude 
attenuation. Figure 3.16(e) shows the amplitude at each measurement position 
in Figure 3.16(a), in which the amplitude increases as expected. 
 
Table 3.2 Parameter for machining MLA 
 
Cutting conditions f: 0.25 mm/min  
υ: 50 rpm 
Nφ: 720 
Cutting tool PCD with 0.1 mm tool 
nose radius 




Diameter of lens 0.25 mm 
Height of lens 2.1 µm 
 
  
            (a)        (b) 
Figure 3.15 (a) Simulation for portion of the micro-lens array; (b) Photo 
for the machined micro-lens array 
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           (a)     (b) 
  
          (c)     (d) 
 
(e) 
Figure 3.16 (a)  Simulated surface and the measurement positions; (b) 
Command and response of the first rotation of the tool path;  (c) 
Fabricated surface measured at position 4; (d) 2D frequency spectrum of 
the measured surface at position 4; (e) Wave amplitude at different 
measurement positions; 
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3.5 Conclusions 
This chapter presents the working principle for FTS diamond turning 
of micro-structured surfaces and a systematic approach for designing an FTS 
diamond turning machine. An incorporated controller configuration is 
introduced to integrate the FTS into the diamond turning machine, which 
facilitates the programming for the fabrication of the micro-structured surfaces 
and a wider application to any types of micro-structured surfaces. In addition, 
this configuration offers the potential for compensation of the influence of the 
FTS dynamics. Experiments on machining MLA show that the developed FTS 
diamond turning machine is simple and effective in fabricating micro-
structured surfaces. 
A design criterion is established as a guideline to choose or design 
suitable type of FTS for designing FTS diamond turning machine. The effect 
of the design criterion is reflected on the distortion of the machined surface, 
including the amplitude attenuation and phase lagging. The former is shown in 
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Chapter 4  
Tool Path Generation and Optimization for FTS 
Diamond Turning of Micro-structured Surfaces 
4.1 Introduction 
 For FTS diamond turning of micro-structured surfaces, the first and the 
most important task is to generate tool paths for the desired micro-structured 
surfaces. This chapter describes the approach developed for tool path 
generation for surfaces with different surface description, which is the third 
step in the flowchart as shown in Figure 3.1. In addition, to achieve targeted 
machined surface quality, the tool path is optimized by establishing criteria for 
the selection of the machining parameters, including spindle speed, sampling 
number, feedrate and tool geometry, which is the second step in the flowchart 
(Figure 3.1).  
4.2 Tool path generation for FTS diamond turning 
The tool path generation for FTS diamond turning of micro-structured 
surfaces depends on the surface description, which can practically be 
categorized into two main types. The first type of surfaces can be analytically 
described. Surfaces of the second type are free-form surfaces modeled in CAD 
software, primarily in non-uniform rational B-spline (NURBS) format that can 
describe a wide range of surfaces with a small amount of required data and 
excellent continuity characteristics [116]. 
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For micro-structured surfaces with an analytical description, the 
surface is given in Cartesian coordinate with z being a function of x and y. 
 
( , )z f x y=
                                               (4.1) 
Take the typical micro-lens array as an example; the surface complexity can 
be determined by the surface pattern and the shape of one micro-lens. The 
aspheric surface is the typical shape for the micro-lens surface. It is based on a 
conic shape such as hyperboloid, paraboloid, and ellipsoid with some aspheric 
coefficients. The rotationally symmetric aspherical and spherical curves are 
compared as shown in Figure 4.1. The aspherical curve can be mathematically 
expressed by the equation shown in Table 4.1. Surface description functions 
for typical micro-structured surfaces, e.g. sinusoidal wave along radial 
direction (SWR), sinusoidal wave along circumferential direction (SWC), 
sinusoidal wave grid (SWG), micro-lens array (MLA), are summarized in 
Table 4.1. 
 
Figure 4.1 Comparison of aspherical and spherical curve 
 
When f, υ and Nφ are specified, the sampled spiral curve (ρ0, φ0) as 
shown in Figure 3.3 can be generated by Eq. (3.4) and converted to its 
corresponding Cartesian coordinates (x0, y0) by Eq. (3.1). Therefore, the tool 
path TP(ρ(t0), φ(t0), z(t0)) can be calculated by the surface description 
functions. To visualize the tool path in 3D coordinate system, rough cutting 
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conditions (f =20 mm/min, υ= 500 rpm and Nφ=360) are used to generate the 
tool path for illustration. The tool paths for SWR, SWC, SWG, MLA and 
pyramid-lens array (PLA) are shown in Figure 4.2, Figure 4.3, Figure 4.4, 
Figure 4.5 and Figure 4.6 respectively. 
Table 4.1 Surface description functions for typical micro-structured 
surfaces 
 
Name Function Annotations 
SWR 
2 22( , ) sinr
r
x y













2 tan ( / )( , ) sinc
y x
z x y A pi
θ
− 
= ⋅  
 
 
Ac: wave amplitude 
θ0=2π/Nw: angle corresponds 
to one cycle of sinusoidal 
wave 




2 2( , ) sin sinx y
x y
x y
z x y A Api piλ λ
  
= +        
 
Ax: wave amplitude along X 
direction 
Ay: wave amplitude along Y 
direction 
λx: wavelength along X 
direction 



















2 2x yρ = + : the distance 
from the optic axis  
k: the conic constant 
determining the eccentricity 
of the conic surface 
    k<-1: hyperboloid 
    k=-1: paraboloid 
-1<k<0: ellipsoid 
k=0: sphere 
k>0: oblate ellipsoid 
shape: determines whether 
the lens is concave (+1) or 
convex (-1) 
C=1/Rl 
Ai: aspherical deformation 
constants for even i 
        aspherical coefficients 
used to define other 
polynomial curves by setting 
C=0 for odd i 
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Figure 4.2 Tool path for SWR 
 
 
Figure 4.3 Tool path for SWC 
 
 
Figure 4.4 Tool path for SWG 
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Figure 4.5 Tool path for MLA 
 
 
Figure 4.6 Tool path for PLA 
 
 For the micro-structured surface described by NURBS, it is defined as 
an integration of piecewise functions in different ranges of two NURBS 
variables (u, v) [33, 116] by Eq. (4.2). 
 
, , , ,1 1
, , ,1 1
( ) ( )
( , )




i p j q i j i ji j
n n
i p j q i ji j
N u N v w P
S u v






                  (4.2) 
The shape of the NURBS surface is determined by its order p and q, a set of 
control points Pi, j with weights wi, j, and the knot vector. nu and nv are the 
number of control points. N(u) and N(v) are the B-spline basis functions. The 
knot vector has a series of values within [0, 1], which determines where and 
how the control points affect the NURBS surfaces.  
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As the (u, v) coordinate system in which the NURBS surface is defined 
is different from the Cartesian coordinate system in which the tool path is 
defined, the point projection algorithm [116-118] is used search for 
correspondence between (x, y) and (u, v). This is done with a Newton 
approximation [116]. Using this method, the z0 coordinate of the surface 
corresponding to any point (ρ0, φ0) or (x0, y0) as shown in Figure 3.3 can be 
calculated from the NURBS data. Take a free-form surface as shown in Figure 
4.7 as an example, the calculated tool path is shown in Figure 4.8 (based on 
rough cutting conditions for illustration purpose). 
 
Figure 4.7 Point projection to the free-form surface 
 
 
Figure 4.8 Tool path for a free-form surface 
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4.3 Tool path optimization 
4.3.1 Prediction of the machined surface quality 
If the surface quality can be predicted before machining, optimal 
machining parameters can be chosen to generate the optimal tool path for 
producing the micro-structured surfaces with the targeted surface quality. 
Without adding in the complexity of machining mechanism, the ideal surface 
roughness in facing illustrated in Figure 4.9 is generated by trimming of the 
successive tool cutting edge profiles. Therefore, the ideal peak-to-valley for 






=                                               (4.3) 






≅                                         (4.4) 
 Eq. (4.3) and (4.4) are used for conventional facing. When it comes to 
generation of a micro-structured surface, the surface roughness is no longer 
uniform but different along different angles φ0 as shown in Figure 4.10. As an 
example, Figure 4.11(a) and (b) shows the surface profiles for SWG measured 
along 00 and 300. The dashed line is the ideal surface profile to be obtained, 
while the solid lines are section of the tool cutting edge profile. Thus, the 
theoretical surface profile can be obtained by trimming of the successive tool 
cutting edge profiles at interval of the tool feed. 
 As can be seen from Figure 4.11, the successive tool positions are no 
longer on a straight line but distributed along a curve which depends on the 
types of micro-structured surface and measurement angle φ0. Thus, in order to 
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trim the edge profiles to obtain the theoretical surface roughness, an equation 
for the intersection point needs to be derived.  
 




Figure 4.10 Surface profile simulation along angle φ0 
 
   
   (a)     (b) 
Figure 4.11Surface profile for SWG: (a) measured along 00 line; (b) 
measured along 300 line 
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 If the tip of the round tool edge profile is taken as the origin, the 









                                            (4.5) 
where x is the distance to the tool tip in X direction and R is the tool nose 
radius. Take a section of the cutting edge profiles along the surface profile as 
shown in Figure 4.12. For intersection point Ii, its z value can be calculated 
























                          (4.7) 
where s=f/υ is the feedrate (µm/rev), (ri, zi) corresponds to (ρ(t0), z(t0)) along 
certain angle φ0, which is extracted from the tool path TP(ρ(t0), φ(t0), z(t0)). At 












                          (4.8) 
Between each pair of intersection points, the theoretical surface profile is a 
section of tool edge profile with Eq. (4.5) as its description function. 
Connecting all the sections of the tool edge profile forms the theoretical 
surface profile. The theoretical surface profiles corresponding to Figure 4.4, 
Figure 4.5 and Figure 4.6 are generated in this way and shown in Figure 4.13, 
Figure 4.14 and Figure 4.15. For illustration purpose, the cutting conditions 
chosen are not those typically used in actual machining but exaggerated to 
highlight the surface profiles formed. 
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Figure 4.12 Formation of the theoretical surface roughness profile 
 
 
Figure 4.13 Surface profiles and error component for SWG along 300 line 
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Figure 4.14 Surface profiles and error component for MLA along 450 line 
 
 
Figure 4.15 Surface profiles and error component for PLA along 450 line 
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The bottom figures of Figure 4.13, Figure 4.14 and Figure 4.15 show 
the simulated error components between the theoretical surface profile and 
ideal surface profile. To quantitatively describe the surface quality, the 
average roughness Ra is adopted. Take a section of the theoretical surface 
profile and ideal surface profile (as shown in Figure 4.13) containing N 
equally-spaced samples with heights ZT and ZI respectively. The predicted 
average roughness ˆ
aR  is then computed by 










= −∑                                 (4.9) 
where ZT,i and ZI,i, are the height of the theoretical and ideal surface profile 
respectively as shown in the upper figures of Figure 4.13, Figure 4.14 and 
Figure 4.15, N is determined by the sampling distance which is set to be the 
same as the one used in industrial measurement instrumentations. This 
predicted average roughness can be used to help in choosing the feedrate and 
tool geometry. 
4.3.2 Tool nose radius effect and methods for its 
compensation 
Close-up examination of Figure 4.13, Figure 4.14 and Figure 4.15 
reveals that there are sections where the theoretical surface profile intersects 
with the ideal surface profile, which causes over-cut and affects the surface 
fidelity. This tool nose radius effect can be seen in a close-up view of Figure 
4.16. The black dots in the graph are the programmed tool positions which are 
taken from the tool path TP(ρ(t0), φ(t0), z(t0)) with respect to the tool tip. From 
the figure it can be seen that there is over-cut at the leading edge of the round 
tool nose. 
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 Many researchers have reported the tool nose radius effect [8] in FTS 
diamond turning. Zhang et al. [90] reported the most commonly used method 
for tool nose radius compensation.  It can be simplified as shown in Figure 
4.17(a), in which the cutting tool is simplified as a circle with radius R 
because only an arc portion of the tool tip is used for cutting. The dash lines 
represent successive passes (n-1), n and (n+1). The dash circle shows the 
programmed position of the cutting tool before tool nose radius compensation. 
To compensate the over-cut, the position of the cutting tool is modified so that 
the cutting tool edge profile is tangential to the surface profile as indicated by 
the solid circle.  Thus, the location of the new tool center ( , )c cr z can be 
expressed as a function of the contact point ( , )n nr z and the tool nose radius R 
 
( ) ( ) cos
( ) ( ) sin
c n n
c n n
z n z n R





                               (4.10) 
where θn is the slope angle of the surface profile at nth cutting point.  
With Eq. (4.10), the tool path can be modified to compensate the tool 
nose radius effect. However, there may be two disadvantages for this method. 
Firstly, the slope angle, which involves derivative of the surface profile, is 
needed to calculate the new tool center location. However, it is not available at 
some points where the surface profile is not continuous. Secondly, from Eq. 




( 1) ( ) (sin sin )
(sin sin )
c c n n n n
n n






∆ = + − = − − −
= − −
        (4.11) 
As the slope angles θ at different cutting points are usually different, 
the increment is not constant. Due to the lower-frequency response of the X-
axis motion control stage, the small incremental compensation steps that occur 
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in the x direction may not be executed especially when the micro-structured 
surface is very complex. Therefore, a stable method for compensating the tool 
nose radius effect is proposed as shown in Figure 4.17 (b). In this method, 
only the z value is to be modified for error compensation. The tool needs to be 
moved from the original point ( , )n nr z to a new point ( , )t tr z until the tool edge 
profile is tangential to the surface profile so that no over-cut happens. The 
modified tool path z0cn is calculated by Eq. (4.12). 
 0 0 0cn tz z z= − ∆                                        (4.12) 
In order to modify the tool path, the movement in z direction tz∆  needs 
to be calculated for each cutting point. Intuitively, tz∆  is the maximum 
difference between the surface profile and cutting edge profile. Suppose the 
function of the surface profile is f(x) (Eq. (4.5)) while the cutting edge profile 
is h(x), define a function g(x) as the difference between them 
 
( ) ( ) ( )g x f x h x= −
                                   (4.13) 
g(x) is a unimodal function as shown in Figure 4.18(a). In this study, the 
golden section search [120], as shown in Figure 4.19, is used to search for the 
maximum value. The separation coefficient is chosen to be the golden point 
( )5 1 / 2 0.618G = − = . The boundary value minx and maxx are initialized as –R 
and R, which is the tool nose radius, respectively. Start searching by the 
following two points 
 0 min max min(1 ) ( )x x G x x= + − ⋅ −                       (4.14) 
 1 min max min( )x x G x x= + ⋅ −                                (4.15) 
Calculate v0=g(x0) and v1=g(x1) and compare them. If 0 1v v≤ , set 
xmin=x0, v0=v1, x0=x1, otherwise, set xmax=x1, v1=v0, x1=x0. For the former case, 
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only x1 is needed to be calculated using Eq. (4.15) and then iterate until the 
difference between x0 and x1 is smaller than a threshold ε. In this case, the x0 
and v0 for next iteration is actually the x1 and v1 at current iteration. This is due 
to the nature of golden separation rule. In this way, only one calculation of the 
function value is needed for each iteration.  
Compared with the conventional method, this method does not involve 
the computation of derivative and is therefore suitable for any type of surface 
even when discontinuities exist in the surface profile. For example, Figure 
4.19 shows the ideal and theoretical surface profile and the error component 
between them when the tool path is optimized by the proposed tool nose 
radius compensation method. It can be seen that the proposed method not only 
can remove the tool nose induced error, but also deal with discontinuities in 
the surface profile. Furthermore, the tool path for x slide does not change 
because of the tool nose radius compensation. Therefore, this method for tool 
nose compensation will be more stable. 
 
 
Figure 4.16 Tool nose radius effect caused by the round nose geometry 
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                                     (a)                                                                    (b) 
Figure 4.17 (a) Conventional method for compensating the tool nose 




      (a)      (b) 
Figure 4.18 Golden separation rule for calculating the compensation 





Figure 4.19 Flowchart for binary search with golden point 
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Figure 4.20 Surface profiles and error component with tool nose radius 
compensation 
 
4.3.3 Optimal selection of machining parameters 
The second step as shown in Figure 3.1 involves machining parameters 
selection, which is crucial for the FTS diamond turning to attain a required 
machined surface quality. Figure 4.21 shows the flowchart for determining the 
machining parameters and generating motion program to fabricate a micro-
structured surface, in which the spindle speed, feedrate, sampling number and 
tool geometry are determined based on the guidelines established in this study. 
The steps involved are: 
1. The micro-structured surface is modeled by a function, or in CAD 
software depending on the type of surface.  
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2. The tool path can be generated for different machining parameters and 
the corresponding theoretical surface roughness is calculated along the 
radial direction.  
3. The theoretical surface roughness is used in the search for the optimal 
feedrate and tool geometry.  
4. The tool path complexity is compared with the performance of the FTS 
used and the motion controller capability so that suitable spindle speed 
and sampling number can be chosen for machining.  
5. The motion command is generated from the final tool path for the 
machining of the micro-structured surface. 
 
Figure 4.21 Flowchart for determining the machining parameters 
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4.3.3.1 Selection of the feedrate and the tool geometry 
The feedrate (f) needs to be optimally chosen for the best machined 
surface quality. The tool geometry, which is mainly the tool nose radius (R), 
needs to be selected for a particular micro-structured surface to guarantee 
accessibility and also better surface quality. Both are based on the comparison 
of the surface roughness predicted by Eq. (4.9) at different feedrate and tool 
geometry.  
To illustrate the selection of f, an SWR with Ar=1 µm and λr=0.2 mm 
fabricated with tool nose radius compensation is chosen. Based on the surface 
roughness predicted by Eq. (4.9), the roughness versus feedrate for R=0.1 mm 
and 0.4 mm are shown in Figure 4.22(a) and (b), respectively. The figures 
show that a smaller feedrate results in smaller roughness. However, when the 
feedrate is smaller than 2 µm /rev, the roughness decreases very slowly. The 
behavior of machining in this region for different material should be studied to 
help in fine-selection of the feedrate for targeted surface quality. 
 
  
   (a)              (b) 
Figure 4.22 Roughness changes with feedrate: (a) R=0.1mm; (b) R=0.4 
mm 
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The selection of the tool nose radius (R) is crucial for two reasons. 
Firstly, it influences the surface roughness. Secondly, for a particular micro-
structured surface, only a limited range of tool nose radius can be used due to 
the accessibility problem. Take the same micro-structured surface as an 
example, a decision graph can be generated as shown in Figure 4.23(a) to 
determine the range of radius that can be used. The cross mark represents the 
case for which the tool nose radius is too big to fully  
 
  
(a)      (b) 
 
(c) 
Figure 4.23 (a) 2D tool nose radius decision graph; (b) A tool that is not 
fully accessible to a particular surface; (c) 3D tool nose radius decision 
graph 
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access the micro-structured surface. One example with R= 1.5 mm is shown in 
Figure 4.23(b). The dot mark represents the nose radius that can be used to 
machine the surface. Note that tool nose radius which is too small will also 
increase the roughness. For the simple surface feature in the above example, 
the decision graph is the same for each measurement angle. However, for 
complex surfaces, the profile along the radial direction is different for different 
measurement angle, which means that the decision graph may be different. For 
example, an SWG with Ax=Ay=1 µm and λx=1 mm, λy =0.1 mm are to be 
machined. To search for the suitable tool nose radius, decision graphs are to be 
generated for each measurement angles from 00 to 3600 and plotted as a 3D 
graph as shown in Figure 4.23(c). As in the 2D decision graph, the red crosses 
and the blue dots represent the points where the radius cannot and can be used, 
respectively. From the figure, it can be seen that for some measurement angles, 
the requirement on tool nose radius is more critical than the others. Also, the 
maximum R that can be used to machine the micro-structured surface can be 
selected based on the 3D decision graph (0.3 mm in this case). 
4.3.3.2 Selection of spindle speed and sampling number 
The spindle speed f and sampling number Nφ are directly related to the 
machined surface quality and the motion controller’s capability in executing 
the generated motion program. Therefore, the spindle speed and sampling 
number should be judiciously selected.  
As introduced in section 3.3.2, fB and stroke are selected to characterize 
the FTS performance, while fm and maximum height are chosen to indicate the 
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complexity of the micro-structured surface. The condition for successful 
machining of the micro-structured surface is to satisfy Eq. (3.6). 
     Altogether, there are three parameters, which are the surface feature 
parameters, spindle speed and sampling number, to determine the frequency 
spectrum of the FTS motion trajectory with different effect. The surface 
feature parameters determine the shape of the tool path frequency spectrum. 
The spindle speed υ has the effect of scaling the tool path frequency spectrum. 
The sampling number Nφ is inherently the sampling frequency and thus should 
be at least twice that of the highest frequency component. To illustrate the 
effect of the three parameters, two MLAs are taken as examples. Figure 4.24 
shows a portion of the simulated 19×19 MLA. Each micro lens-let has a 
spherical shape with curvature radius of 12.5 mm. The diameter of the 
aperture for each micro lens-let is 0.5 mm. Figure 3.13(a) and (b) show the 
11×11 and 19×19 MLA projected to XY plane with the feature parameter, 
which is the distance between the neighboring micro lens-let, 1mm and 0.6 
mm respectively. Figure 4.25(a) and (b) show the frequency spectrum for the 
tool path of the micro-lens array for v=50 rpm and N=720. It can be seen that 
the feature parameters determine the shape of the tool path frequency 
spectrum. Figure 4.25(c) and (d) show the frequency spectrum for the tool 
path of the micro-lens array for υ=25 rpm and Nφ=720. Compared with Figure 
4.25(a) and (b) respectively, it can be seen that the tool path frequency 
spectrum keeps the same shape but is scaled to half of the range of the 
frequency axis when the sampling frequency is halved (The frequency range is 
set to 0~300Hz for comparison purpose, but the actual sampling frequency is 
halved). Figure 4.25(e) and (f) show the frequency spectrum for the tool path 
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of the micro-lens array for υ=50 rpm and Nφ=360. Compared with Figure 
4.25(a) and (b) respectively, it can be seen that the tool path frequency spectra 
are exactly the same except that the sampling frequency is halved. Therefore, 
the spindle speed has to be selected so that the fm of the FTS motion trajectory 
satisfies the condition in Eq. (3.6), while the sampling number has to be 
chosen so that the corresponding sampling frequency is at least 2fm. 
For FTS diamond turning machine with the controller configuration as 
shown in Figure 3.9, a powerful controller that has high throughput capability 
is required. For the study described in this thesis, the UMAC controller is 
adopted. The maximum sampling frequency for this controller is 9.04 kHz, 
which limits the closed loop bandwidth of the FTS to less than 1 kHz. This is a 
limitation of this controller configuration. In addition, the UMAC has a 
throughput capability of 1000~4000 blocks per second (One block refers to 
one motion command). Thus, the time difference between two successive 
motion commands should be larger than 0.25~1 ms. Therefore, the choice of 
sampling number and spindle speed should guarantee that the time difference 
between two successive sampling points of the tool path is larger than 0.25~1 
ms so that the generated motion commands satisfy the throughput capability of 
the controller.  
In summary, the criteria for selecting spindle speed and sampling 
number are 
• The spindle speed f is selected to ensure that fm of the tool path satisfies the 
condition in Eq. (3.6). 
• The sampling number Nφ is chosen to ensure that the corresponding 
sampling frequency is at least 2fm. 
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• The spindle speed f and sampling number Nφ should guarantee that the 
generated motion commands are within the throughput capability of the 
motion controller.  
 
Figure 4.24 Portion of the simulated MLA 
 
  
                                   (a)            (b) 
  
                                   (c)             (d) 
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                                    (e)            (f) 
Figure 4.25 Frequency spectrum of the tool path for the MLA under 
different υ and Nφ: (a) 11×11 MLA with υ=50rpm, Nφ=720; (b) 19×19 
MLA with υ=50 rpm, Nφ=720; (c) 11×11 MLA with υ=25 rpm, Nφ=720; 
(d) 19×19 MLA with υ=25 rpm, Nφ=720; (e) 11×11 MLA with υ=50rpm, 
Nφ=360; (f) 19×19 MLA with υ=50 rpm, Nφ=360; 
 
4.4 Experiments and discussion 
4.4.1 Effect of the machining parameters 
The four machining parameters, i.e., spindle speed, feedrate, sampling 
number and tool geometry, have significant impacts on the machined surface 
quality. The influences of the sampling number and feedrate are 
straightforward. If the sampling number is too large, the controller is not able 
to execute motion program for the micro-structured surface. For the feedrate, a 
smaller feedrate results in better surface quality theoretically, but it also results 
in longer machining time. In this section, the influence of the spindle speed 
and tool geometry will be the focus.  
As illustrated in section 4.3.3.2, the spindle speed has to be chosen to 
ensure that the maximum frequency component of the corresponding tool path 
is smaller than the bandwidth of the FTS. In reality, the influence of the 
spindle speed on machined surface quality will be reflected on the attenuation 
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of the feature amplitude of the micro-structured surface. Take the SWX as 
shown in Figure 4.26(a). The machining parameters are chosen as shown in  
Table 4.2. The chosen spindle speed satisfies criterion in Eq. (3.6). 
However, the frequency components within the bandwidth still exhibit 
different attenuation due to the FTS dynamics as shown in Figure 3.12. Figure 
4.26(b) shows the command and response of the first rotation of the tool path 
for the chosen machining parameters. It can be seen from the response figure 
that there is a maximum attenuation at around 0.3 and 0.9 s, which 
corresponds to the x-y co-ordinate positions (0, 7.5) and (0, -7.5) in Figure 
4.26(a) respectively. The maximum attenuation is due to the fact that these 
two points correspond to the maximum frequency component. The machined 
surface based on the aforementioned parameters was measured using a Veeco 
white light interferometer [121].  
Due to limited measurement range, the area corresponding to the 
rectangular region (at x-y coordinate position (0, 7)) as shown in Figure 4.26(a) 
was measured. The measured result is shown in Figure 4.26(c). To evaluate 
the surface fidelity of the machined surface, a 2D discrete Fourier transform 
(DFT) was adopted. Figure 4.26(d) shows the frequency spectrum obtained by 
2D DFT. It can be seen that the main frequency component is close to 0.002 
µm-1, corresponding to a wavelength of 500 µm. But the amplitude is 
attenuated to around 0.76 µm from the desired 1 µm. Therefore, the influence 
of the spindle speed on the machined surface is attenuation of the feature 
amplitude. (To reduce the amount of attenuation, the tool path needs to be 
modified based on the FTS dynamics, which will be studied in Chapter 5) 
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   (a)              (b) 
  
   (c)               (d) 
Figure 4.26 (a) Simulated surface with SWX; (b) Command and response 
of the first rotation of the tool path;  (c) 3D visualization of portion of the 
fabricated surface; (d) 2D frequency spectrum of the fabricated surface 
 
Table 4.2 Machining parameters for SWX 
 
Cutting conditions Feedrate: 0.25 mm/min  
Spindle speed: 50 rpm 
Sampling number: 720 
Cutting tool PCD with 0.1 mm tool nose radius 
Workpiece Material  Brass 
Workpiece diameter 15 mm 
Amplitude Ax 1 µm 
Wavelength λx 500 µm 
 
The influence of the tool geometry is essentially that of the tool nose 
radius effect as illustrated in section 4.3.2. To show the existence of the tool 
nose radius effect and the effectiveness of the compensation method 
introduced in section 4.3.2, micro-structured surfaces with sinusoidal wave 
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along radial direction were fabricated for two cases: case 1 without 
compensation for the tool nose radius effect, and case 2 with compensation for 
the tool nose radius effect. The machining parameters are shown in Table 4.3. 
After machining, the surface was measured using the Mitutoyo Formtracer 
CS-5000 [122] to trace the profile radially from the center of the workpiece to 
the peripheral. Figure 4.27(a) and (b) show sections of the measured surface 
profile and its frequency components for each case. Comparing the frequency 
components of both cases, it can be seen that there is a dominant frequency 
component at 0.0125 µm-1, which corresponds to the desired sinusoidal wave 
with wavelength of 80 µm. However, there is an error component with 
amplitude of around 0.1 µm at 0.025 µm-1 whose corresponding wavelength is 
40 µm. This error component is caused by the tool nose radius effect and can 
be explained from Figure 4.27(c) and (d). Figure 4.27(c) shows the simulated 
theoretical surface profile and ideal surface profile for case 1 and the error 
component between them. Figure 4.27(d) shows the frequency spectrum of the 
error component, from which it can be seen that there is a dominant frequency 
component with amplitude of around 0.1 µm at 0.025 µm-1, which coincides 
with the measure surface profile for case 1. Therefore, it verifies that the round 
tool nose can induce an error component on the machined surface and can be 
compensated by the method introduced in section 4.3.2. In addition, the 
surface profile simulation in section 4.3.1 is verified to be effective in 
predicting the machined surface quality.  
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          (a)      (b) 
  
          (c)       (d) 
Figure 4.27 (a) Measured surface profile and its frequency components 
for case 1; (b) Measured surface profile and its frequency components for 
case 2; (c) Simulated surface profile and error component for case 1; (d) 
Frequency spectrum of the simulated error component; 
 
Table 4.3 Machining parameters for SWR 
 
Cutting conditions Feedrate: 5 mm/min  
Spindle speed: 1000 rpm 
Sampling number: 36 
Cutting tool PCD with 0.1 mm tool nose 
radius 
Workpiece Material  Brass 
Workpiece diameter 20 mm 
Amplitude Ar 1 µm 
Wavelength λr 80 µm 
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4.4.2 Fabrication of a sample micro-structured surfaces 
An SWG with parameters shown in Table 4.4 was fabricated to 
demonstrate the aforementioned selection process. The simulated portion of 
the micro-structured surface is shown in Figure 4.28(a). Based on the criteria 
introduced in section 4.3.3.2, the spindle speed and sampling number were 
chosen to be 50 rpm and 720 respectively, resulting in a frequency spectrum of 
the generated tool path to be as shown in Figure 4.28(b). After performing the 
analysis of the predicted surface roughness, the feedrate was chosen to be 0.25 
mm/min (5 µm/rev) to save machining time, although the smaller feedrate will 
result in the smaller surface roughness. The tool nose radius was chosen to be 
0.1 mm, which is fully accessible to the whole surface. The final machining 
parameters are summarized in Table 4.4. The machined surface was measured 
using the Veeco white light interferometer. Figure 4.28(c) and (d) show 
portion of the machined surface. Figure 4.28(e) shows a surface sample of the 
fabricated surface corresponding to the line in Figure 4.28(d), with the 
measured surface roughness to be around 27 nm.  
To evaluate the surface fidelity of fabricated surface, the 2D DFT is 
adopted. Figure 4.28(f) shows the frequency spectrum obtained by 2D DFT of 
the data shown in Figure 4.28(c). The fx and fy axes show spatial frequencies 
with a unit of µm-1 in X and Y directions respectively. The dominant spatial 
frequency is approximately 0.002 µm-1, which corresponds to a wavelength of 
500 µm. This coincides with the desired wavelength.  
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         (a)      (b) 
  
     (c)      (d) 
  
     (e)                 (f) 
Figure 4.28  (a) Portion of the simulated SWG; (b) Frequency spectrum of 
the tool path generated; (c) Portion of the fabricated surface; (d) 3D 
visualization of portion of the fabricated surface; (e) A surface profile 
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Table 4.4 Machining parameters for SWG 
 
Cutting conditions Feedrate: 0.25 mm/min  
Spindle speed: 50 rpm 
Sampling number: 720 
Cutting tool PCD with 0.1 mm tool nose 
radius 
Workpiece Material  Brass 
Workpiece diameter 15 mm 
Amplitude 
x
A  0.5 µm 
Wavelength 
x
λ  500 µm 
Amplitude yA  0.5 µm 
Wavelength yλ  500 µm 
 
4.4.3 Fabrication of picture image 
The FTS diamond turning machine was applied to machine an 
embossed picture image as shown in Figure 4.29(a). The colored image was 
firstly converted to gray scale image as shown in Figure 4.29(b). Then the 
gray values of 8 bits (value within 0 - 255) in pixels were converted to 
amplitude commands. The image was down sampled to 240 × 165 pixels. 
Each pixel was set to 10 µm × 10 µm and the maximum pixel value was set to 
2 µm. Therefore, the surface converted from the grayscale picture image is 
shown in 3D and 2D in Figure 4.29(c) and (e), respectively. The machining 
parameters were selected to be f=0.25 mm/min, υ=50 rpm, Nφ=360 and R=0.2 
mm, with which the tool path can be generated for machining. Figure 4.29(d) 
shows the tool path generated with f=1 mm/min for visualization purpose. 
Figure 4.29(f) and (g) shows the measured surface visualized in 3D and 2D 
respectively, which was measured using the Vecco white light interferometer. 
Comparing Figure 4.29(e) and (f), it can be seen that they correspond well to 
each other, which shows that the picture image has been successfully 
machined. The blurred phenomenon in Figure 4.29(f) can be explained from 
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two aspects. Firstly, the tool path generation has an averaging effect as its 
value is determined by the neighboring pixel values. Secondly, the round nose 
of the cutting tool has a natural filtering effect (The cutting tool is not 
accessible to some small feature of the human face). 
 
                      
          (a)            (b) 
    
           (c)             (d) 
    
       (e)            (f) 
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(g) 
Figure 4.29 (a) Picture image;(b) Gray scale picture image (c) Surface 
converted from the gray scale picture image; (d) Tool path for the picture 
image; (e) Surface converted from the gray scale picture image in 2D; (f) 
Measured surface in 2D; (g) Measured surface in 3D;  
 
4.5 Conclusions 
In this chapter, the tool path generation and optimization for FTS 
diamond turning is systematically studied to achieve desired high-precision 
form accuracy and nanometric surface finish. It features the following: 
• Given the machining parameters, tool paths can be generated for micro-
structured surfaces based on either analytical or NURBS description. 
• The tool path can be optimized by selecting the optimal machining 
parameters and compensating the nose radius effect. 
• A stable tool nose radius compensation method is proposed to remove the 
tool nose induced form error. It is stable from two aspects. Firstly, it can 
deal with discontinuities in the surface profile. Secondly, no change is 
made to the motion trajectory for the X slide. It ensures that no high 
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frequency component exists in the X motion trajectory, which may cause 
unstable to the X slide. Experiments were carried out to demonstrate the 
influence of the tool nose induced form error and the effectiveness of the 
proposed tool nose compensation method. In addition, the form error 
predicted by the surface profile simulation agrees with the experimental 
results. 
• Surface profile simulation has been studied to predict the theoretical 
surface profile and the surface roughness by which the feedrate and the 
tool nose radius can be selected to obtain the targeted machined surface 
quality and ensure tool accessibility to the whole surface. 
• Performance indices for the FTS and the surface complexity are identified. 
With these indices, criteria for selection of spindle speed and sampling 
number are established to satisfy the FTS performance and motion 
controller’s capability.  
• Experiment on machining of a SWG has been conducted to demonstrate 
and verify the procedure based on the presented approach to determine the 
machining parameters. The measurement and 2D DFT evaluation of the 
fabricated surface show the machined surface fidelity and the effectiveness 
of the developed approach. 
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Chapter 5  
Profile Error Compensation in FTS Diamond 
Turning of Micro-structured Surfaces 
5.1 Introduction 
Achieving high profile accuracy of a micro-structured surface in FTS 
diamond turning process is challenging as there are many factors attributing to 
the profile errors. Therefore, the main sources of component errors which 
greatly affect the profile accuracy of the machined micro-structured surfaces 
have to be first identified. Then, appropriate methods are proposed and 
developed to pre-compensate the profile errors induced on the machined 
micro-structured surfaces. 
5.2 Analysis of the component errors 
5.2.1 Sliding error 
Figure 5.1 schematically shows the profile error obtained from the 
sliding error, which consists of the straightness error of the X slide and the 
squareness error between the X- and Z-axis. Such sliding error is expressed as 
 ( ) ( )sz z zxe x e x xβ= +                                         (5.1) 
where x is the X position of the cutting tool, esz(x) is sliding error in Z 
direction as the tool moves along the X direction, ez(x) is the straightness error 
of the X-axis in Z direction, and βzx is the inclination error caused both by the 
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deformation of the slide and the alignment error between the tool motion and 
the X-axis.  
 
Figure 5.1 Profile error from the sliding error 
 
5.2.2 Dynamic error 
The dynamic error was observed in the experiments in 3.4.2 and 4.4.1. 
During machining, the tool path TP(x(t0), y(t0), z(t0)) is streamed to the motion 
controller to drive the cutting tool to the desired position. If the cutting tool 
precisely follows TP(x(t0), y(t0), z(t0)), the desired micro-structured surface can 
be formed through the interaction between the cutting tool and the workpiece. 
However, the cutting tool may not precisely follow TP(x(t0), y(t0), z(t0)) due to 
the FTS dynamics, which is revealed in the frequency response of the FTS as 
shown in Figure 3.12. To quantify this, a SWX as shown in Figure 5.2 is 









                                      (5.2) 
Chapter 5 Profile error compensation in FTS diamond turning                                                   
National University of Singapore                                                                 NUS 
90
When the ideal tool path as shown in Figure 5.3 is fed to the FTS, its response 
is the theoretical tool path as shown in Figure 5.3. It can be seen that there is a 
dynamic error edz(x) between the actual tool position (indicated by the 




Figure 5.2 Working principle for FTS diamond turning of SWX 
 
 
Figure 5.3 Dynamic error caused by FTS dynamics 
 
To further illustrate the influence of such dynamic error edz(x) on the 
machined surface profile, the ideal and theoretical surface profiles along a 
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direction at an angle of degree φ can be extracted and compared. The ideal 
surface profile along φ is the sectional surface profile fφ (ρ) as shown in Figure 
5.2, which is the intersection between the sectional surface along φ and the 
micro-structured surface. The theoretical surface profile is obtained by the 
method introduced in section 4.3.1. For the SWX as shown in Figure 5.2 with 
Ax= 2 μm, λx=0.5 mm and diameter of the workpiece d=17 mm machined with 
f=0.25 mm/min, υ=50 rpm and R=0.2 mm, the ideal surface profiles and 
theoretical surface profiles along 450 and 900 are predicted as shown in the 
upper figure of Figure 5.4(a) and (b) respectively. It can be seen that there is a 
profile error between them and their error components as shown in the low 
figure of Figure 5.4 (a) and (b) respectively. 
   
     (a)               (b) 
Figure 5.4 FTS dynamics-induced profile error: (a) along 450; (b) along 
900 
 
5.3 Compensation of the sliding-induced profile error 
5.3.1 Indirect measurement of the sliding error 
In order to compensate the sliding-induced profile error, it is crucial to 
measure the sliding error and separate the repeatable errors from the random 
errors [123, 124]. Observing Figure 5.1, it can be seen that the sliding error is 
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transferred to the machined workpiece. Therefore, an indirect method for 
measurement of the sliding error is proposed involving the following steps.  
1. Firstly, facing is carried out on a workpiece to copy the sliding error 
onto the surface.  
2. Secondly, the machined surface is measured by a stylus-based form 
tracer as shown in Figure 5.5 (Mitutoyo Form Tracer CS-5000 [122] is 
used in this study).  
3. To precisely capture the sliding error, it is necessary to guarantee that 
the measurement line passes through the center of the workpiece. 
Figure 5.6(a) shows the original measurement data, which exhibit an 
inclination that is an inevitable error as it is difficult to place the 
workpiece surface exactly vertical to the stylus. Therefore, thirdly, the 
measurement data is detrended as the original profile shown Figure 5.6 
(b).  
4. It can be seen that the straightness error ez(x) and squareness error βzxx 
are embedded in the original profile, but mixed with the random errors, 
e.g. cutting-induced errors and thermal-induced errors. Thus, fourthly, 
the original profile is filtered with a cut-off wavelength λc, which is 
determined using Kono’s method [124], to separate the repeatable 
sliding error from other random errors. In this study, λc is determined 
to be about 0.4 mm. Figure 5.6(b) shows the extracted profile after 
filtering.  
5. Fifthly, estimate the location of the center of the workpiece by 
comparing the shape of the left and right section of the extracted 
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profile as shown in Figure 5.6(c). Figure 5.6(c) also shows the 
roughness of the workpiece, which contains all the random errors.  
6. Finally, the sliding error for current measurement eszi(x) is taken as the 
mean of the left and right section of the extracted surface profile. 
In order to enhance the credibility of the extracted sliding error, Nm 
measurements are carried on the workpiece as shown in Figure 5.5 and the 
sliding error eszi(x) for each measurement is extracted as shown in Figure 5.6. 
Finally, the sliding error esz(x) is obtained by Eq. (5.3) as shown in Figure 5.6.  
 
1




e x e x
N
=
= ∑                                      (5.3) 
 
Figure 5.5 Off-line measurement of the sliding error 
 
 
Figure 5.6 Extraction of the sliding error 
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Figure 5.7 Sliding error for compensation 
 
5.3.2 Tool path modification for compensating the sliding-
induced profile error 
With the sliding error esz(x), the sliding-induced profile error can be 
pre-compensated by modifying the tool path TP(x(t0), y(t0), z(t0)) with esz(x) 
using Eq. (5.4) 
 0 0 0( ) ( ) SInterp ( , ( ), )cs szz z x e xρ ρ ρ= −                     (5.4) 
where ρ0 is obtained by Eq. (3.1), SInterp(∙) is a spline interpolator [125], 
zcs(ρ0) is the modified tool path which pre-compensates the sliding error.   
 
5.4 Compensation of the dynamics-induced profile error 
As can be seen from section 5.2.2, the FTS dynamics induces 
substantial profile error for the micro-structured surfaces. It is well-known that 
such dynamics-induced profile error can be minimized by modifying the tool 
path with the inverse dynamics of the FTS [126]. However, the dynamics of 
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the FTS controlled with a traditional PID controller as shown in Figure 3.12 
may change at different time and working conditions. In addition, the tool path 
is difficult to be modified with experimentally obtained dynamics as it cannot 
be described by a specific transfer function. Therefore, an Integral Sliding 
Mode Control algorithm (ISMC) is proposed to control the FTS so that its 
closed-loop performance Gc follows the desired dynamics specified by the 
sliding surface, even in the presence of some modeling uncertainty and 
external disturbances. The inverse of the desired dynamics 1/Gc can be easily 
applied to modify the tool path and thus compensate for the dynamic error.  
5.4.1 Modeling of the FTS 
Figure 5.8 shows the piezoelectric FTS designed for the FTS diamond 
turning machine as shown in Figure 3.14 [30, 127]. It consists of a 
piezoelectric actuator, a flexure structure, a capacitor sensor, a tool holder and 
a force transducer. The selected piezoelectric actuator has nominal 20 µm 
stroke, 25 mm diameter, 48.6 mm length, and 250 N/µm stiffness. The motion 
of the piezoelectric actuator is rapidly transmitted through the hinges to the 
diamond tool mounted on the tool holder. A capacitance sensor with a plate 
fixed on the base and a sensing plate mounted on the tool holder is used to 
measure the motion of the FTS. The chosen capacitance sensor has a 50 µm 
nominal measuring distance, less than 0.01 nm resolution and up to 10 kHz 
bandwidth. A force transducer with 200 N measuring range and 1 mN 
resolution is used to measure the thrust force.  
The FTS contains at least a typical spring-damper dynamics. The 
governing equation of the FTS can be expressed as: 
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+ + = −
                             (5.5) 
  
         (a)                                                             (b) 
Figure 5.8 (a) Exploded view of the FTS; (b) Photo of the FTS 
 
where m is the effective moving mass, c is the damping of the flexure 
structure, kf is spring coefficient, z is the position of the cutting tool, Fp is the 
actuating force generated by the piezoelectric actuator and Fd is the cutting 
force. Due to the nonlinearity and dynamical nature of the cutting force, it can 
be regarded as disturbance and eliminated from Eq. (5.5). Hence the transfer 




/( ) ( / ) ( / ) 2p f n n
k mz bG s
u s c m s k m s sξω ω= = =+ + + +           (5.6) 
where u is the voltage input to the actuator corresponding to force Fp, 
/ 2 fc mkξ =
, 
/
n fk mω =
, 0
/b k m=
 and k0 is the coefficient relating to 
the actuating force. Eq. (5.6) provides insight and physical interpretations but 
is difficult and time-consuming to identify its parameters. Therefore, a closed-
loop system identification technique [128] is used to identify the discrete 
model for the FTS, which can be represented as an nth order difference 
equation as shown in Eq. (5.7). To simplify the identification process, a simple 
proportional control is designed for the FTS. Pseudo Random Binary 
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Sequence (PRBS) signals, as shown in Figure 5.9(a), were applied at the 
control input and the output measured by the capacitance sensor was captured 
as shown in Figure 5.9(b) with sampling frequency of 2.2587 kHz. With the 
input and output data, the FTS model may be identified by four closed-loop 
system identification methods, i.e. CLOE, F-CLOE, AF-CLOE, and X-
CLOSE as introduced in [128]. Based on different statistical performance 
indices as shown in Table 5.1, AF-CLOE shows  the lowest closed-loop 
prediction error R(0) and cross-correlations RN(max) [128] comparing with 
other methods in this particular application and is thus chosen as the 
identification method. The coefficients for the FTS identified by AF-CLOSE 
are shown in  
Table 5.2.  
 








q b b q b q b q
G q
a a q a q a q
− − − −
−
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=
+ + + +
⋯
⋯
              (5.7) 
 
Figure 5.9 Input and output for FTS: (a) PRBS reference input; (b) 
position output 
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Table 5.1 Closed-loop prediction error R(0) and normalized cross-
correlations for the FTS 
 
 CLOE F-CLOSE AF-CLOSE X-CLOSE 
R(0) 1.527e-5 9.504e-6 6.094e-6 1.004e-004 
RN(max) 0.0168 0.0136 0.0112 0.0671 
 
Table 5.2 Coefficients for the FTS with d=1 
 
1 1 1( ) ( ) ( )dpG q q B q A q− − − −=  0q  1q−  2q−  3q−  
1( )B q−  0 0.2283 -0.0744 0.1960 
1( )A q−  1 -0.4757 0.2447 -0.0609 
5.4.2 Controller design and analysis 
The design target for the controller is to control the FTS so that its 
closed-loop dynamics Gc, as shown in Figure 5.10, follows a desired closed-
loop dynamics, and overcomes the model uncertainties and external 
disturbances. With such a controller, its reference input r is obtained by 
modifying the tool path generated from the micro-structured surfaces [106] 
off-line with the inverse dynamics 1/Gc. Therefore, the influence of the FTS 
dynamics on the output y, mainly amplitude attenuation and phase-lagging, 
can be guaranteed to be minimized and thus the form errors on the machined 
surfaces can be reduced.  
 
Figure 5.10 Controller structure for the FTS 
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5.4.2.1 Sliding Mode Controller Design 
Sliding mode control (SMC) is well known for its robustness against 
model uncertainties, which is ensured by employing a switching function to 
drive the system onto the designed sliding surface and remain on it thereafter 
[129]. Various switching functions, e.g. sign and saturation functions, are 
adopted for this purpose. However, these functions may cause chattering due 
to the discontinuity of the switching function and limited bandwidth in digital 
implementation. Chattering is undesirable because it will cause high-
frequency vibration to the cutting tool which will affect the machined surface, 
e.g. chatter marks. Many researchers [130-132] studied the application of 
integral sliding mode control (ISMC), in which the sliding function is chosen 
as an integral action to drive the system to the sliding surface while eliminate 
the chattering problem. In this study, an ISMC is designed to control the FTS 
so that its closed-loop dynamics follows the desired dynamics. The key steps 
are as follows. 





q By u w
A A
−
= +                                      (5.8) 
where d is the time delay, wk is a term which includes the external 
disturbances and model uncertainties, A and B are the time shift polynomials 
which are identified as shown in  







=                                              (5.9) 
Chapter 5 Profile error compensation in FTS diamond turning                                                   
National University of Singapore                                                                 NUS 
100




k k ku u u= +                                     (5.10) 
The equivalent control eqku  is the control action to maintain the system on the 
sliding surface sk which is defined as: 
 k m k m ks B r A y= −                                  (5.11) 
where the polynomial Am is written as 
 
d
mA AE q F
−
= +                                  (5.12) 
The control polynomials E and F can be obtained by solving the Bezout 
polynomial equation [128]. The equivalent control eqku  is obtained when the 






k d m k d m k d m k d k d k d
d
m k d k d k d k
m k d k k d k
s B r A y B r AEy q Fy
B r E q Bu w Fy
B r EBu Ew Fy
−




= − = − +
= − + +
= − + + =
         (5.13) 
From  
Table 5.2, it can be seen that the FTS model is a minimum phase 
system. Therefore, the equivalent control can be derived as: 
 ( ) ( )1eqk m k d k k du EB B r Fy Ew− + += − −                      (5.14) 
As pointed out by Xi et al. [132], eqku  is not realizable as it involves the 
estimation of disturbance at next d steps. Thus, wk+d is assumed to be the same 
as wk and estimated as: 
 k k k dw Ay Bu −= −                                      (5.15) 
The estimation of disturbance is passed through a low-pass filter to remove the 
high frequency components which are likely to result in chattering as 
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suggested by Xi et al. [132]. Therefore, the realizable equivalent control is 
obtained as: 
 
1( ) ( ( ))eqk m k d k ku EB B r Fy EQ w− += − −                  (5.16) 
where ( )kQ w  is to filter the estimated disturbance by a low pass filter Q. The 
controller structure corresponding to Eq. (5.16) without disturbance estimation 
is shown in Figure 5.10, where S=EB, R=F, T=Bm.  









                                      (5.17) 
When adding the additional integral action, the closed-loop poles are changed. 
It can be seen from the transfer function from rk+d to yk. From Figure 5.10, the 





(1 ) (1 )








k d i m




y q k B S T q q BS q
r S q AS q BR q q k BA S
q k B S T q q
A q q k S
−
− − − −
− − − −
+




− + − +
+ −
=
 − + 
   (5.18) 
From Eq. (5.18) it can be seen that additional poles are introduced by  
 (1 )d dki iP q q k S− −= − +                                  (5.19) 
In order to ensure stability of FTS, ki must be chosen to ensure that Pki 
is stable. The root locus with ki varying from 0 to 6 is shown in Figure 5.11. 
When ki is chosen to be 0.5, all the poles are within the unit circle and thus the 
FTS closed-loop stability is ensured.  
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Figure 5.11 Root locus for poles introduced by integral action when 
0 6ik≤ ≤  
5.4.2.2 Choice of Sliding Surface 
The sliding surface is determined by the polynomial Am and Bm in the 
reference model for the desired FTS closed-loop dynamics. In this study, it is 
designed as a first order system: 
 ( )cG s
s
λ
λ= +                                           (5.20) 
where 2 nλ piω= , nω  is the designed cut-off frequency. It is found from the 
experiments that nω  should be chosen slower than the natural frequency of the 
open loop to avoid the undesirable chattering problem. As the tool path is 
modified by 1/ ( )cG s  to eliminate the influence of the FTS dynamics, the 
value of nω  is chosen to be 80 Hz in this thesis to avoid chattering problem as 
mentioned above.  
The continuous time reference model (16) can be converted to its 
discrete-time equivalent [128]: 
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                                    (5.21) 
where Ts is the sampling time. Therefore, in this experiment, Am(q-1)=1-
0.8005q-1, Bm(q-1)=0.1995 q-1.  
5.4.2.3 Closed-loop System Performance 
To verify the performance of the proposed ISMC controller, it is 
implemented in the UMAC motion controller by User-Written Servo 
Algorithm (Delta Tau Data Systems, Inc. http://www.deltatau.com). As the 
closed-loop dynamics is of main concern in this application, a sweep sine 
signal with frequency varying from 1 to 120 Hz and amplitude of 1 µm is 
applied to the FTS and the output is measured by the capacitor sensor. With 
the input and output sweep sine signals, the frequency response of the FTS can 
be derived as shown in Figure 5.12, in which the desired response of Eq. 
(5.20) with 80n Hzω = is also plotted for comparison. It can be seen that the 
real frequency response is close to the desired one. 
 
Figure 5.12 Frequency response of the closed-loop system 
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5.4.3 Tool path modification for compensating the FTS 
dynamics-induced profile error 
As the FTS is controlled to behave as the desired dynamics Gc, the tool 
path can then be easily modified by the inverse of the FTS dynamics 1/Gc 
following the procedure as shown in Figure 5.13. In real implementation, the 
continuous filter 1/Gc(s) is approximated by a discrete bilinear (Tustin) 














                                         (5.22) 















                                   (5.23) 
where 0 1a = , 1 0.7997a = − , b0=0.1001, and b1=0.1001 when servo frequency 
of the FTS is 2.2587 kHz.  
As the sampling frequency of the tool path shown in Eq. (3.5) is 
usually different from the servo frequency used in the FTS, the modification 
cannot be applied to the tool path (TP) directly. Instead, an interpolated tool 
path (ITP) r with the servo frequency FTS is obtained by Eq. (5.24) from the 
tool path zcs(t0), which is equivalent to zcs(ρ0) in Eq. (5.4). Figure 5.14 shows 
an example of TP, which is generated with υ=50 rpm and Nφ =720, and ITP, 
which is generated with servo frequency of 2.2587 kHz. The modified 
interpolated tool path (MITP) r’ is then obtained by Eq. (5.25), which is the 
infinite impulse response (IIR) form of Eq. (5.23). Finally, the modified tool 
path (MTP) zcd(t0) can be interpolated from MITP by Eq. (5.26) as shown in 
Figure 5.14. 
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 0 0SInterp( , ( ), )csr t z t t=                                 (5.24) 
 ( )' '0 1 1 1 1 0n n n nr a r a r b r b− −= + −                             (5.25) 
 0 0( ) SInterp( , ', )cdz t t r t=                                (5.26) 
 
Figure 5.13 Procedure of the tool path modification 
 
 
Figure 5.14 An example for the tool path modification 
 
5.5 Machining experiments and discussions 
5.5.1 Compensation of the sliding error 
To show the effectiveness of the compensation of the sliding-induced 
profile error, facing cuts and micro-structured surfaces with sinusoidal wave 
along the radial direction (SWR) with Ar=1.5 µm and λr=0.2 mm were 
machined with and without compensating the sliding error using a single 
crystal diamond tool with nose radius of 0.4 mm. The cutting conditions are 
f=5 mm/min, υ =1000 rpm and Nφ=36.  
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For facing, the surface profiles with and without compensation are 
shown in Figure 5.15(a). It can be seen that the straightness error ez(x) was 
greatly reduced and squareness error βzxx was almost eliminated. Observing 
their frequency spectrums in Figure 5.15(b), it can be seen that ez(x) 
corresponds to the frequency of 0.001 μm-1, which is wavelength of 1 mm, and 
its magnitude reduced from 0.187 μm to 0.062 μm, which is a 66.8% 
reduction. 
The surface profile and the frequency spectrum of the SWR machined 
by compensating the sliding error are shown in Figure 5.16(a) and (b) 
respectively. It can be seen that the specified sinusoidal wave with Ar=1.5 µm 
and λr=0.2 mm is achieved. For comparison, the frequency spectrum for the 
case without compensation is also plotted in Figure 5.16(b). It can be seen that 
the sliding error with wavelength at about 1 mm is greatly reduced.  
 
Figure 5.15 Measured surface profile for facing with and without 
compensating the straightness error and their frequency spectrum 
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Figure 5.16 Measured surface profile of the SWR and the frequency 
spectrums for the cases with and without compensation 
 
5.5.2 FTS dynamics effect and its compensation 
To illustrate the dynamics-induced profile error and demonstrate its 
compensation by the proposed method, two SWX (I and II) as shown in Figure 
5.17(a) were machined with machining parameters given in Table 5.3. The 
tool path for the workpiece I and II were generated without and with 
compensation of the FTS dynamics effect respectively. Both machined 
workpieces were measured by the Mitutoyo Form Tracer CS-5000 along the 
lines as shown in Figure 5.17(a). The respective measured surface profiles for 
workpiece I and II are shown in Figure 5.17(b) and (c) (Note: the spikes 
appear on the surface profile corresponding to Y=0 in Figure 5.17(b) and (c) 
were caused by the centering of the cutting tool). Discrete Fourier transform 
(DFT), which matches the nature of the sinusoidal wave, is applied to the 
measured surface profiles. Figure 5.17(d) shows the wave amplitude for the 
measured surface profiles. It can be seen that for workpiece I the wave 
amplitude decreases for position from the center to the border of the 
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workpiece, while that of workpiece II is quite uniform at all of the 
measurement locations.  




       (a)             (b) 
  
                           (c)             (d) 
Figure 5.17 a) Location of the surface profile measurement; (b) Measured 
surface profiles for workpiece I; (c) Measured surface profiles for 
workpiece II; (d) Wave amplitude at different locations for workpiece I 
and II 
 
Table 5.3 Machining parameters for SWX 
 
Cutting conditions Feedrate (f): 0.25 mm/min  
Spindle speed (v): 50 rpm 
Sampling number (N): 720 
Cutting tool PCD with 0.1 mm tool nose radius 
Workpiece Material  Brass 
Workpiece diameter (D) 15 mm 
Amplitude Ax 1 µm 
Wavelength 
x
λ  0.5 mm 
 
Such amplitude attenuation, which is a reflection of the profile error, is 
caused by the FTS dynamics. The closer to the center, the lower the frequency 
component contained in the tool path and thus the less the amplitude 
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attenuation. Taking the tool path from point A to B in clockwise direction in 
Figure 5.17(a) as an example, the generated tool path for workpiece I is shown 
in Figure 5.18(a). The corresponding actual position measured by the capacitor 
sensor is shown in Figure 5.18(b). It can be seen that the maximum amplitude 
attenuation happens at the central portion which corresponds to the highest 
frequency component. When the cutting tool moves towards the center of the 
workpiece, fewer waves are involved, resulting in lower frequency and thus 
less amplitude attenuation. This explains why the wave amplitude is higher at 
the position closer to the center. For workpiece II, the modified tool path 
zcd(t0) from A to B and the corresponding actual position are shown in Figure 
5.19(a) and (b) respectively. It can be seen that the amplitude attenuation 
problem is minimized, which is why the wave amplitudes of workpiece II are 
quite uniform at all measurement locations. The result of this experiment 
resembles the simulated FTS dynamics-induced profile error as shown in 
Figure 5.4.  
 
Figure 5.18 (a) Tool path without compensating the dynamic error; (b) 
Corresponding actual position 
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Figure 5.19 (a) Tool path with compensating the dynamic error; (b) 
Corresponding actual position                                      
5.5.3 FTS dynamics effect on machining micro-lens array 
To further show the dynamics-induced profile error and its 
compensation by the proposed method, two micro-lens arrays (III and IV) as 
shown in Figure 5.20(a) were machined with machining parameters as shown 
in Table 5.4. The tool paths for the workpiece III and IV were generated 
without and with compensation of the FTS dynamics effect respectively. 
Figure 5.20(b) shows a photo of workpiece IV.  
For workpiece III, the tool path TP(x(t0), y(t0), z(t0)) generated based 
on the machining parameters shown in Table 5.4 was input to the motion 
controller directly. Based on the tool path z(t0), the motion controller 
generated a reference signal r for the motor at each servo cycle. The response 
of the FTS was measured by a capacitor sensor with a resolution below 1 nm.  
Figure 5.20(c) shows a section of the tool path z(t0), the corresponding 
reference signal (r) and the response of the FTS. It can be seen that the 
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response of the FTS was attenuated and phase shifted comparing with z(t0), 
which brought about profile error to the machined lenses. 
For workpiece IV, the tool path TP(x(t0), y(t0), z(t0)) generated based 
on the machining parameters shown in Table 5.4 was modified to obtain the 
MTP (zcd(t0)) using the technique introduced in section 5.4.3 before inputting 
to the motion controller. Based on the MTP (zcd(t0)), the motion controller 
generated a reference signal r for the motor at each servo cycle. The response 
of the FTS was also captured by the capacitor sensor. Figure 5.20(d) shows a 
section of the tool path z(t0), the MTP (zcd(t0)), the corresponding reference 
signal (r) and the response of the FTS. In contrast to workpiece III, the 
response of the FTS follows closely the z(t0), which maintains the surface 
fidelity of the machined lenses.  
  
          (a)     (b) 
   
          (c)       (d) 
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         (e)                 (f) 
Figure 5.20 (a) Simulation of the micro-lens array; (b) Photo of the 
machined micro-lens array; (c) Response of the FTS for workpiece III; 
(d) Response of the FTS for workpiece IV; (e) Areal error map of a lens 
on workpiece III; (f) Areal error map of a lens on workpiece IV 
 
As the profile error of the micro-lens array is difficult to be measured, 
an areal error map was used to characterize the machined surface fidelity. 
Three-dimensional data of a lens on workpiece III and IV were measured by 
Veeco white light interferometer. With the measured data, the areal error maps 
(Details in Chapter 7) of a lens on workpiece III and IV are obtained and 
shown in Figure 5.20(e) and Figure 5.20(f), respectively. It can be seen that 
the error for the latter is quite uniform and smaller than the former one. The 
circular mark and the large error at the top of the lens for the former 
workpiece are a result of the dynamics-induced profile error as exhibited in 
Figure 5.20 (c).  
 
Table 5.4 Machining parameters for micro-lens array 
 
Cutting conditions Feedrate: 0.1 mm/min  
Spindle speed: 50 rpm 
Sampling number: 720 
Cutting tool PCD with 0.1 mm tool nose 
radius 
Material of the lens Brass 
Workpiece diameter 15 mm 
Diameter of the lens 0.5 mm 
Height of the lens 3.5 µm 
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5.6 Conclusions 
   In this chapter, the profile error compensation in FTS diamond turning 
of micro-structured surfaces is presented. The following conclusions can be 
drawn from the study: 
• Sliding error and dynamic error are identified as two important causes of 
the profile errors in FTS diamond turning of micro-structured surfaces. 
• An indirect method has been proposed to measure the sliding error esz(x) 
by measuring the surface profiles of a workpiece with a facing cut. The 
sliding error is extracted from the measured surface profiles by separating 
the repeatable error components from the other random errors. 
• Due to the FTS dynamics, there is a dynamic error edz(x), exhibited by the 
different magnitude attenuation and phase lag, between the actual tool 
position and desired tool position. A simulated machining of SWX shows 
that edz(x) causes substantial profile error to the machined micro-structured 
surfaces. 
• Experiments on facing cut and machining SWR with modified tool path 
zcs(ρ0) to pre-compensate the sliding error esz(x) show that the profile error 
can be reduced by as much as 66.8%. 
• To compensate for the dynamic error, an integral sliding mode controller is 
proposed to control the FTS so that its closed-loop performance Gc follows 
the desired dynamics. The inverse of the desired dynamics 1/Gc can then 
be easily applied to obtain the modified tool path zcd(t0) to pre-compensate 
the dynamic-induced profile error. 
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• Experiments on machining SWX and micro-lens array using tool path with 
and without pre-compensating dynamic error show the influence of the 
FTS dynamics on the machined surface profile and verify the effectiveness 
of the proposed compensation method. 
Chapter 6 Machining Mechanism of FTS Diamond Turning                            
National University of Singapore                                                                 NUS 
115
Chapter 6  
Machining Mechanism of FTS Diamond Turning  
6.1 Introduction 
As illustrated in Figure 1.1, the surface quality is the key concern in 
this research. By far, the complex machining mechanism for different 
materials has not been taken into account. Due to the unique electrical, 
chemical and physical characteristics of the brittle materials, micro-structured 
surfaces on brittle materials have great potential for industrial applications. 
For example, micro-structured surfaces are patterned on crystalline silicon 
solar cells to reduce surface reflectance and improve the cells’ efficiency [37]. 
This chapter presents the experimental and simulation studies of the 
machining mechanism for brittle materials and a simulation-based approach to 
optimize the cutting conditions for fine surface quality in FTS diamond 
turning. 
6.2 Surface formation 
There are two major differences between the FTS diamond turning of 
micro-structured surfaces and the conventional diamond turning. 
(1) The chip geometry for FTS diamond turning of a micro-structured surface 
is varying compared with that by the conventional diamond turning. To 
characterize it, the working principle for  FTS diamond turning of MLA as 
shown in Figure 6.1 is illustrate here. MLA can be described by Eq. (6.1).  
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∑               (6.1) 
where k is the conic constant determining the eccentricity of the conic surface 
as follows: k<-1: hyperboloid; k=-1: paraboloid; -1<k<0: ellipsoid; k=0: 
sphere; k>0: oblate ellipsoid; shape determines whether the lens is concave 
(+1) or convex (-1) and curvature C=1/Rl. For even i, Ai are aspherical 
deformation constants, and for odd i, Ai are aspherical coefficients used to 
define other polynomial curves by setting C=0, h0 is the height of the lens-let, 
0l
r is the radius of the lens-let in XY plane, ||(x, y), (TX0, TY0)|| is the distance 
to the center of the lens-lets (TX0, TY0) as shown in Figure 6.1.  
 
 
Figure 6.1 Working principle for FTS diamond turning of MLA 
 
The machining of an MLA involves the complex interaction between 
the workpiece and tool geometry. Figure 6.2(a) presents graphically the 
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surface formation in 3D for FTS diamond turning of MLA with Rl=10 mm, 
0
0.2lr =  mm, k=0, shape=-1, Ai=0, distance between successive lens-lets is 
0.6 mm and φ0=[30o, 60o]. Figure 6.2(b) shows the formation of portion of the 
sectional surface profile 
0
( )fϕ ρ  as shown in Figure 6.1 when a cutting tool 
with 0.4 mm of nose radius moves along the tool path 
0
TPϕ generated with 
f=1.6 mm/min, υ=200 rpm and nominal depth of cut D0=2 μm. It is clear that 
the surface formation can be viewed as the intersection of the successive tool 




Figure 6.2 Visualization for the surface formation of FTS diamond 
turning of MLA: (a) 3D; (b) 2D along 450 line 
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Figure 6.2(a) highlights an important property of FTS diamond turning 
of micro-structured surfaces. It can be seen that the chip geometry of the 
current pass is different from the previous pass and the next pass. It is this 
varying chip geometry that brings about difficulty to FTS diamond turning of 
micro-structured surface on brittle materials. 
 Such varying chip geometry is schematically illustrated in Figure 6.3 
to calculate the effective chip thickness teff. In Figure 6.3, 0, 1 and -1 denote 
the current pass, next pass and previous pass, R is the tool nose radius, and D 
is the nominal depth of cut for the current pass. Due to different chip shape at 
[0, θ1] and [θ1, θ2], and from the geometric relation shown in Figure 6.3, the 
effective chip thickness teff is calculated differently using Eq. (6.2) ~ (6.9). 
 0 10D z z−∆ = −                                           (6.2) 
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 Three further parameters, i.e. chip area – A and chip width – Cw, are 
also chosen to characterize the shape of the chip formed and calculated by Eq. 
(6.10) and (6.11). 
 
Figure 6.3 Geometry for calculation of the chip thickness 
 
 ( ) ( )1 2
1




A R R d R R d
θ θ
θ
θ θ= − + −∫ ∫                (6.10) 
 2wC R θ= ⋅                                            (6.11) 
 
1m
t R Rθ= −                                         (6.12) 
(2) The effective tool angles and the cutting speed is varying as shown in 
Figure 6.3  
 
Figure 6.4 Varying effective tool angles and cutting speed 
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6.3 FTS diamond turning of micro-structured surfaces 
on brittle materials 
In FTS diamond turning of micro-structured surfaces on brittle 
materials, the cutting conditions need to be optimally selected in order to 
achieve ductile regime machining, in which the material is removed by both 
plastic deformation and brittle fracture, but the cracks produced are prevented 
from extending into the finished surface.  
6.3.1 Machining model 
From the chip geometry shown in Figure 6.5, it can be observed that 
for each pass i the effective chip thickness tieff varies from zero at the apex of 
the tool, to a maximum (tim) at the top of the previous uncut region and to zero 
at the top of the current uncut region. It is well-known that there exists a 
critical depth of cut (tc) below which no crack will be generated [51]. 
Therefore, the chip formed can be divided into two regions. The stress 
distributions at I, II and III, which corresponds to place where the teff is smaller, 
equal and larger than tc respectively, are schematically illustrated in Figure 6.5. 
In region I, the material is removed by plastic deformation. In region II and III, 
cracks are initiated as tieff > tc, which forms a microfracture damage zone for 
each pass as shown in Figure 6.6 (a) and (b). It is difficult to derive an analytic 
mechanics model to predict the length of the subsurface damage depth (Cm). In 
this study, Cm is assumed to be the average fracture propagation depth after 
crack initiation as assumed in the phenomenological model [51, 75] in 
conventional diamond turning of brittle materials. 
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Figure 6.5 Stress distribution 
 
Figure 6.6(a) and (b) show the machining of the same micro-structured 
surface at high and low feedrate respectively. When a high feedrate is used, tc 
is located at the lower portion of the uncut region and the associated 
subsurface damage depth (Cm) extends into the finish surface. When a low 
feedrate is used, tc moves towards the upper portion of the uncut region, and 
the microfracture damage zone for each pass is removed by the subsequent 
passes and thus the finish surface is free of crack.  
Therefore, the occurrence of cracks on the finish surface is determined 
by the maximum feedrate (fm), which is defined as the maximum feedrate to 
obtain crack-free micro-structured surfaces. If the feedrate is larger than fm, 
cracks will be generated at some portion of the micro-structured surface. If the 
feedrate is smaller than fm, the whole machined surface will be free of cracks. 
For practical application, it is desirable to maximize the feedrate to reduce 
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machining time. In order to determine fm, it is important to determine the 
critical depth of cut (tc) and the length of the subsurface damage (Cm) for a 
given combination of the cutting tool and material of the workpiece.  
 
Figure 6.6 Machining model for FTS diamond turning of micro-
structured surfaces on brittle materials: (a) High feedrate; (b) Low 
feedrate. 
 
6.3.2 Determination of the critical depth of cut 
The value for the critical depth of cut tc can be estimated by Bifano’s 
model (4) [133] for typical brittle materials. 
 ( )( )2c ct = E / H K / HΨ                                  (6.13) 
where E is the elastic modulus, H is the hardness, Kc is the fracture toughness,  
and Ψ is a dimensionless constant dependent on geometry of indentation tool 
and has been experimentally determined to be 0.15 [133]. In this study, MgF2 
glass is chosen to be as the brittle material to be studied because it is relatively 
soft compared with other glass such as BK7 and thus the cutting tool can last 
long enough for all tests without changing the critical depth of cut tc. Its 
properties are listed in Table 6.1. Using (6.13), tc is found to be 249.6 nm.  
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As the geometry of the cutting edge of the SCD tool is different from 
the grains in the grinding wheel, it is difficult to obtain Ψ for the SCD tool. 
Therefore, a plunge cutting experiment was carried out for the tool and 
workpiece combination. As shown in Figure 6.7, the cutting tool was plunged 
into the workpiece with depth of cut changing from zero to d and the total 
length of cutting is l. There exists a brittle to ductile transition location lc 
where the depth of cut equals tc and the cutting changes from ductile to brittle 
mode. Therefore, by measuring the distance lc, the critical depth of cut can be 








                                             (6.14) 
In the experiment, l, d and the cutting velocity are set to be 4 mm, 1 
mm and 20 mm/min, respectively. The mark left on the surface was observed 
under microscope. Due to the limited measurement range of the microscope, 
Figure 6.7(b) only shows the image corresponding to the region I, II and III 
indicated in Figure 6.7(a). As there is no clear boundary for transition from 
ductile to brittle, lc was found to lie within [0.945, 1.065]. Using Eq. (6.14), tc 
is found to be 236~266 nm, in which tc found by Bifano’s model lies. 
Therefore, tc is set to 250 nm for all of the analysis in this study. 
Table 6.1. Properties of MgF2 glass 
 
Hardness (H: GPa) 4 
Elastic modulus (E: GPa) 138.5 
Fracture toughness (KC: MPa.m1/2) 0.9 
Density (g/cm3) 3.18 
Melting point (0C) 1255 
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Figure 6.7 Plunge cutting for determination of tc: (a) Schematic diagram; 
(b) Microscopic images for brittle to ductile transition 
 
6.3.3 Determination of the subsurface damage depth 
6.3.3.1 Damaged region analysis method 
In order to determine Cm, a damaged region analysis method (DRAM) 
is proposed. In DRAM, a SWR with a certain Ar and λr is machined for the 
cutting tool with nose radius R on the chosen brittle material. Then the 
machined SWR is observed by a microscope and the damaged region is 
measured. Finally, Cm can be derived from the relationship between the length 
of the damaged region and Cm. 
 Figure 6.8 simulates the formation of the sectional surface profile 
0
( )fϕ ρ  in FTS diamond turning of SWR and the initiation of the crack at each 
pass. For each pass, the effective chip thickness teff is calculated by Eq. (6.2) ~ 
(6.9), the crack initiation location where teff=tc is searched and a crack with 
Chapter 6 Machining Mechanism of FTS Diamond Turning                            
National University of Singapore                                                                 NUS 
125
length of Cm is placed at the crack initiation location as shown in Figure 6.8. In 
addition, the intersection between the cracks and the sectional surface profile 
0
( )fϕ ρ is searched. From Figure 6.8 it can be seen that the crack region is 
located at the lower left region of the sinusoidal wave. The depth of the crack 
left on the finished surface is deepest at the center of each damaged region, 
which is denoted by a red dot in the figure, and decreases to zero on both 
sides. Obviously, the larger the length of the subsurface damage (Cm), the 
longer is the length of the damaged region. Therefore, there exists a 
relationship between the length of the damaged region and Cm. To 
quantitatively describe the relationship, a crack ratio (CR) is defined as ratio 
between the length of the damaged region (Lc) within a cycle of the sine wave 




=                                             (6.15) 
For a given Cm, a damaged region similar to the one shown in Figure 6.8 can 
be simulated and the corresponding CR can then be obtained. Similarly, 
varying Cm from zero to some reasonably large value, the corresponding value 
of CR can be found and thus the relationship between them is established. In 
this way, the relationship between Cm and CR when machining SWR with 
Ar=2 μm and λr=0.2 mm using a cutting tool with R=0.4 mm and tc=0.25 μm 
and a feedrate f=3 μm/rev is simulated as shown in Figure 6.9. If Lc for a 
combination of tool and workpiece is measured from the machined SWR to 
obtain the measured CR (MCR), the MCR can then be used to extract Cm from 
Figure 6.9.  
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Figure 6.8 Damaged region analysis 
 
 
Figure 6.9 Relationship between CR and Cm 
 
6.3.3.2 Measurement of CR 
To obtain Cm from Figure 6.9, a SWR is machined to obtain the 
measured CR (MCR). Figure 6.10(a) shows a microscopic image of a 
machined SWR (Note: the white spots scattered in the image are caused by the 
microscope. It can be omitted during analysis.). It can be seen that the there 
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exists a damaged region in which the largest crack is located at the center and 
the size of the crack decreases on both sides. Such damaged behavior is the 
same as that simulated in Figure 6.8.  
In practice, there are two uncertainties in determining the MCR. 
Firstly, it is difficult to locate the exact boundaries of the damaged region due 
to some small randomly distributed cracks. Secondly, the length of the 
damaged region (Lc) at different locations may be different due to varying 
composition of the material and machining conditions. In this study, an image 
processing method and a statistical method are adopted to solve these 
problems, respectively. To highlight the damaged region, a thresholding 
method is used to set the relatively dark cracks to black color while the 
background colors to white color. Figure 6.10(b) shows the processed 
microscopic images as shown in Figure 6.10(a). To locate the left boundary 
(LB) and right boundary (RB) of the damaged region, the severity of damage 
(SD) is calculated vertically along the processed image, which is the cutting 
direction. Figure 6.10(b) shows the SD value for the processed image. Thus, 
LB and RB are respectively defined as the leftmost and rightmost locations 
whose SD value is a certain percentage of the maximum SD, which is 
controlled by the crack percentage (CP) as shown in the figure. In this study, 
CP is chosen to be 90%. Finally, LB and RB are located as shown in Figure 
6.10 (b). 
To improve the credibility of the MCR, damaged regions at different 
locations as shown in Figure 6.11 are measured and the MCR is calculated by 
Eq. (6.16). There is one point worth noting. As reported in literature [134], the 
severity of damage is greatly influenced by the crystal orientation. Figure 6.11 
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schematically shows the anisotropy of surface finish in plane (100) when the 
cutting direction relative to the crystal orientation varies, which is the case 
encountered in facing. It means that the severity of damage is different along 
different directions of the machined surfaces. To make sure that the whole 
machined surface is free of crack, the measurement locations are chosen to be 













                                         (6.16) 
  
      (a)           (b) 
Figure 6.10 Damaged region analysis for the measured CR: (a) 
Microscopic images; (b) Processed image 
 
 
Figure 6.11 Influence of crystal orientation and the measurement 
locations 
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6.3.4 Determination of the maximum feedrate 
With tc and Cm, the maximum feedrate (fm) can be determined using an 
iterative numerical method as shown in Figure 6.12 to obtain a crack-free 
surface in FTS diamond turning of micro-structured surfaces on brittle 
material. The basic steps of the iterative numerical method are: 
1. Initialize the feedrate f=f0, sectional angle index i=1, the spindle speed 
(υ) and sampling number (Nφ) [105]. 
2. With f, υ and Nφ, generate the tool path as shown in Figure 6.1 based 
on the description function of the micro-structured surface.  
3. Extract the tool path 
0
TPϕ and calculate the surface profile 0 ( )fϕ ρ [105]. 
4. For each pass, calculate the effective chip thickness teff , find the 
location where teff=tc and place a crack there as illustrated in the 
machining model shown in Figure 6.6 and Figure 6.8. Connect all the 
cracks sequentially to form a crack profile fc(ρ). 
5. If the crack profile fc(ρ) extends into the surface profile 0 ( )fϕ ρ , the 
feedrate f is not suitable. Thus, reduce f and iterate step 2 to 5. 
6. Otherwise, increase the sectional angle index i by one and iterate step 3 
to 6 until whole surface has been checked.  
The output of the iterative numerical method f ensures that machined 
micro-structured surface is free of cracks.  
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Figure 6.12 Iterative numerical method for searching the maximum 
feedrate 
 
6.4 Experiments and discussion 
6.4.1 Experimental settings 
All experiments on machining of brittle materials were carried out on 
the FTS diamond tuning machine shown in Figure 3.14. The cutting tool was 
single crystal diamond (SCD) with nose radius of 0.4 mm, nominal rake angle 
of 00, clearance angle of 70 and cutting edge radius of about 100 nm. Figure 
6.13 shows the microscopic images for the SCD cutting tool used in the 
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experiments. The rectangular shaped workpiece of MgF2 glass, whose 
properties are listed in Table 6.1, was attached to an aluminum block using 
heat-soften glue, which was then clamped by a collet on the air bearing spindle 
as shown in Figure 6.14. All cuttings were performed under dry conditions. 
After machining, the machined micro-structured surfaces were cleaned with 
alcohol to remove the chips attached on the surface. The machined micro-
structured surfaces were observed using the Olympus STM6 [135] and 
KEYENCE VHX microscope [136]. 
 
  
Figure 6.13 Microscopic images for the SCD cutting tool: (a) Clearance 




Figure 6.14 FTS diamond turning machine 
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6.4.2 Verification of DRAM 
To verify the validity of the proposed DRAM, SWR with Ar=2 μm and 
λr=0.2 mm is machined using the cutting tool (with geometry shown in Figure 
6.13) on MgF2 with f=3 mm/min and υ=1000 rpm. The machined surface is 
measured at 15 different locations as shown in Figure 6.11. A typical 
microscopic image for the damaged region is shown in Figure 6.10(a). All 
microscopic images were processed as explained in section 6.3.3.2 and the 
MCR were obtained as shown in Figure 6.15(a) with CP=90%. The average 
MCR is calculated by Eq. (6.16) and found to be 0.36. To obtain the 
subsurface damage depth Cm, the relationship between Cm and CR was 
simulated by DRAM and obtained as shown in Figure 6.15(b). It is important 
to note that the relationship is slightly different to the one shown in Figure 6.9 
as the CP is set to be 90% which is the same as the CP used in extracting the 
MCR. From Figure 6.15(b), Cm is found to be 878 nm. 
With the obtained Cm, the relationship between the CR and f can be 
simulated and found as shown in Figure 6.16. In order to verify the reliability 
of the obtained Cm, SWRs were fabricated with feedrate f=[1, 1.5, 2, 2.5, 3.5, 
4, 4.5, 5, 6] mm/min and spindle speed υ=1000 rpm. The corresponding MCRs 
were obtained as listed in Table 6.2. Some representative microscopic images 
for each feedrate are also listed in Table 6.2 (Note: Due to the limited 
measurement range of the microscope, two or three neighboring images were 
stitched together to form a large image for f=[4.5, 5, 6]). From Table 6.2, it 
can be seen that larger feedrate results in wider damaged region and more 
severe damage which is indicated by the size of the crack. For feedrate f of 1 
and 1.5 mm/min, the machined surfaces are free of cracks; thus their CRs are 
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taken as 0. For feedrate f of 5 and 6 mm/min, the whole machined surfaces are 
full of cracks with larger cracks located at the center portion while smaller 
cracks located at both sides; thus their CRs are taken as 1. For the feedrates 
between 1.5 and 5, the width of the damaged region increases with the 
feedrate. For each feedrate, the captured microscopic images were processed 
and the MCRs were obtained as listed in Table 6.2.  
 
  
   (a)               (b) 
Figure 6.15 Determination of Cm: (a) Measured CR at different locations; 
(b) Relationship between Cm and CR with CP=90% 
 
 
Figure 6.16 Relationship between CR and feedrate (f) 
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Table 6.2 Experimental results 
 
Feedrate (mm/min) PCR MCR Representative Microscopic images 
1 0 0 
 
1.5 0 0 
 
2 0.1137 0.0680 
 
2.5 0.2546 0.2570 
 
3 0.3617 0.3617 
 
3.5 0.4665 0.4635 
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4 0.5982 0.5900 
 
4.5 0.7329 0.7383 
 
5 1 1 
 
6 1 1 
 
 
Figure 6.16 shows a comparison of the predicted CRs (PCR) and 
MCRs. It can be seen that the MCRs correlate well with the PCRs. Therefore, 
it can be claimed that the predicted subsurface damage depth Cm is reasonable. 
With Cm, the maximum feedrate for generating crack-free micro-structured 
surfaces can be searched. Taken the SWR machined in the experiments for 
example, the maximum feedrate can be found from Figure 6.16 to be 1.85 
mm/min, where the CR changes from zero to non-zero value. For different 
micro-structured surfaces, the maximum feedrate for generating crack-free 
surfaces can be searched based on tc found by plunge cutting and Cm found by 
DRAM for a given tool and workpiece combination.  
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6.4.3 Machining of sinusoidal wave along radial direction 
To remove the influence of the tool wear on the experiment, a new 
cutting tool is used instead of the tool used in the verification of DRAM. 
Similarly, DRAM is carried out for the new cutting tool and the corresponding 
MCR is found to be 0.325, with which the Cm is found to be 706 nm. 
To show the effectiveness of the proposed method for determination of 
the maximum feedrate (fm), a micro-structured functional surface SWR as 
shown in Figure 6.17 was machined with the machining parameters shown in 
Table 6.3.  
 
Figure 6.17 Simulation for portion of the SWR 
 
Table 6.3 Machining parameters for the SWR 
 
Cutting conditions Feedrate: 0.6, 0.4 mm/min  
Spindle speed: 200 rpm 
Sampling number: 180 
Cutting tool SCD with 0.4 mm tool nose radius 
Workpiece Material  MgF2 
Workpiece dimension Square with 10 mm edge length 
tc 250 nm 
Cm 706 nm 
Amplitude Ar 2 µm 
Wavelength λr 0.2 mm 
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Using the iterative numerical method, fm was determined to be 0.4 
mm/min. Figure 6.18(a) and (b) show the simulation for the damaged region 
along φ0=0o of the SWR machined with f=0.6 mm/min and 0.4 mm/min 
respectively. It can be seen that the crack extends into the finish surface 
forming a damaged region as shown in Figure 6.18(a) for the former case 
while the latter case is free of cracks. Two SWRs were machined with f=0.6 
mm/min and 0.4 mm/min respectively. The machined SWRs were observed 
under the Olympus STM6 microscope at the rectangular region as shown in 
Figure 6.17. The captured microscopic images are shown in Figure 6.19(a) and 
(b) (Due to the limited measurement range, two neighboring images were 
stitched together), in which the black spots are the cracks left on the machined 
surface. Comparing Figure 6.18(a) and Figure 6.19(a), it can be seen that their 
damaged regions coincide well with each other (Note: Figure 6.18(a) can be 
viewed as the sectional view of Figure 6.19(a)). From Figure 6.19(b), it can be 
seen that machined surface is free of cracks, which coincides with the 
simulation in Figure 6.18(b) and verifies the effectiveness of the proposed 
method. 
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Figure 6.18 Simulation for the damaged region of SWR: (a) f=0.6 
mm/min, υ=200 rpm; (b) f=0.4 mm/min, υ=200 rpm 
 
 
Figure 6.19 Microscopic images of SWR: (a) f=0.6 mm/min, υ=200 rpm; 
(b) f=0.4 mm/min, υ=200 rpm 
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6.4.4 Machining micro-lens array 
An MLA as shown in Figure 6.1 was machined with the machining 
parameters shown in Table 6.4. Following the procedure for determination of 
the maximum feedrate in section 6.3.4, fm for the MLA was searched from 
f0=1 mm/min until and feedrate which generate no cracks on the machined 
surface. For the MLA in this experiment, fm was determined to be 0.49 
mm/min. Figure 6.20(a) and (b) show the simulation for the damaged region 
along φ0=0o of the MLA machined with f=0.8 mm/min and 0.49 mm/min 
respectively. It can be seen that the crack extends into the finish surface for the 
former case while the latter case is free of cracks. The machined MLA was 
observed under the KEYENCE VHX and the Olympus STM6 microscope at 
the lens-let located at (-0.6, 0). The captured microscopic images are shown in 
Figure 6.21(a) and (b). Comparing Figure 6.20(a) and Figure 6.21(a), it can be 
seen that their damaged regions coincide well with each other. The deepest 
cracks are located at the regions near the boundary of the lens-let. From Figure 
6.21(a) it can be seen that most of the cracks are close to the finish surface, 
which may explain the scattered small cracks observed in Figure 6.21(a). 
From Figure 6.21(b), it can be seen that machined surface is free of cracks, 
which coincides with the simulation in Figure 6.20(b) and again verifies the 
effectiveness of the proposed method. The lens-let shown in Figure 6.21(b) 
was also measured by Veeco white light interferometer [121], resulting in the 
3D image shown in Figure 6.22. The measured data was characterized by the 
AFEEM, which will be introduced in the next chapter, and the surface 
roughness was found to be 12 nm, which shows that ultraprecision level 
(roughness in the order of 10 nm) of surface quality was achieved. 
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Table 6.4 Machining parameters for the 5×5 MLA 
 
Cutting conditions 
Feedrate: 0.8, 0.49 mm/min 
Spindle speed: 200 rpm 
Sampling number: 180 
Cutting tool SCD with 0.4 mm tool nose 
radius 
Workpiece Material MgF2 
Workpiece dimension Square with 10 mm edge length 
tc 250 nm 
Cm 706 nm 
Curvature C 0.1 mm-1 
Radius of the lens-let 
0lr  0.2 mm 
Conic constant k 0 
Shape constant shape -1 
Ai 0 
distance between 
successive lens-lets 0.6 mm 
 
 
Figure 6.20 Simulation for the damaged region of MLA: (a) f=0.8 
mm/min, υ=200 rpm; (b) f=0.49 mm/min, υ=200 rpm 
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Figure 6.21 Microscopic image of the machined MLA: (a) f=0.8 mm/min, 




              (a)      (b) 
Figure 6.22 (a) 3D image of the lens-let shown in Figure 6.21(b); (b) 
Measured and designed profiles corresponding to the profile in (a) 
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6.5 Conclusions 
In this chapter, the machining mechanism of FTS diamond turning was 
studied considering the properties of the material of the machined workpiece. 
The machining mechanism for brittle materials is studied by both experiments 
and simulations in order to optimize the cutting conditions for the better 
surface quality. The following conclusions can be drawn from the 
investigation: 
• FTS diamond turning has been shown to be a potentially suitable 
machining process for producing crack-free micro-structured functional 
surfaces on brittle materials, which is difficult to achieve by grinding and 
lapping due to their complex shapes. 
• A machining model has been developed for FTS diamond turning of 
micro-structured functional surfaces to ensure ductile regime machining of 
brittle materials, in which the material is removed by both plastic 
deformation and brittle fracture, but the cracks produced are prevented 
from extending into the finished surface. Two damage parameters, i.e. the 
critical depth of cut (tc) for crack initiation and subsurface damage depth 
(Cm), are required in the machining model. 
• A micro-structured surface with SWR was chosen for the study as it is one 
of the representative types of surface. When machining SWR, a surface 
crack damaged region was found to concentrate on some portion of wave. 
The length of the damaged region varies with the feedrate used in 
machining. A crack ratio (CR) was defined to quantify the length of the 
damaged region. 
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• Based on the developed machining model, a damaged region analysis 
method (DRAM) has been proposed to determine the subsurface damage 
depth (Cm) for a tool-workpiece combination by analyzing the surface 
damaged region of a machined SWR. Through measuring the CR of the 
machined SWR, Cm can be determined from the relationship between Cm 
and CR, which is determined by DRAM.  
• The working principle for FTS diamond turning of micro-structured 
surfaces and the chip formation have been analyzed. From the analysis and 
the machining model, an iterative numerical method has been proposed to 
predict the maximum feedrate for producing crack-free micro-structured 
surfaces. 
• A series of experiments on machining SWR with different feedrate were 
carried out. Microscopic images of the machined surfaces were captured 
and processed by image processing methods to obtain the measured CR 
(MCR). The MCR was found to correlate well with the predicted CR 
(PCR), which proves the validity of DRAM. 
• Experiments on machining of SWR and MLA were carried out. The 
damaged regions of the machined surfaces were observed by microscopes 
and compared with the predicted ones. It was found that the experimental 
observations coincide with the prediction, and the micro-structured 
surfaces machined with the predicted maximum feedrate were free of 
cracks. In addition, measurement of the crack-free machined surface free 
of crack by white light interferometer showed that the ultraprecision level 
of surface quality was achieved. 
Chapter 7 AFEEM for Characterizing Micro-structured Surfaces                                    
National University of Singapore                                                                 NUS 
144
Chapter 7  
An Automatic Form Error Evaluation Method for 
Characterizing Micro-structured Surfaces 
7.1 Introduction 
The machined micro-structured surfaces, such as the sinusoidal grid 
surface and the micro-lens array surface, are complex with repeated surface 
feature patterns, making them difficult to characterize at sub-nanometer 
accuracy. Firstly, surface characterization is required at sub-nanometer 
accuracy, which is not achieved for many of the methods mentioned in section 
2.7. Secondly, the repeated surface feature pattern makes it difficult to apply 
the feature-based approaches in section 2.7 directly. To overcome these 
difficulties, an automatic form error evaluation method (AFEEM) is proposed 
and described for characterizing the micro-structured surfaces. The AFEEM is 
used to characterize a series of simulated and measured micro-structrued with 
repeated surface feature patterns. The experimental results verify the accuracy 
and effectiveness of the proposed method.  
The main contributions of this chapter are: 
1. An automatic form error evaluation method (AFEEM) is developed for 
characterizing the micro-structured surfaces. Compared with the 
method used in most 3D measurement instruments, it is able to obtain 
areal error map which reflects the distortion of the machined surface 
and thus provides more information for surface characterization. 
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2. A coarse registration algorithm is presented to roughly align the 
measured surface to the designed surface, which can be viewed as the 
initial position estimation. It makes use of the invariant intrinsic 
geometric properties of the surface to extract perceptually distinctive 
points for surface registration. Therefore, it is invariant to rigid 
transform and guarantees the automatic characterization of the 
surfaces.  
3. In the method, an adaptive iterative closest point (AICP) method is 
also proposed to fine align the measured surface to the designed 
surface. It uses point-to-plane error metric and iteratively generates 
new designed surface data for fine registration so that the surface 
registration can achieve sub-nanometer accuracy.  
7.2 Automatic form error evaluation method 
The flowchart for the proposed AFEEM is illustrated in Figure 7.1. It 
includes three phases, which are the phase of data acquisition, conversion and 
pre-processing, surface registration phase, and form evaluation phase. The 
data acquisition, conversion and pre-processing phase makes use of the 
commercially available measurement instruments to measure the micro-
structured surfaces, converts the binary data file to ASCII data file (P) and 
filters P to (P’) for use in surface registration. Designed surface data (Q) is 
generated from the surface description function or CAD data with respect to 
the sampling information (∆x and ∆y) from the measured surface data (P). 
With the measured and designed surface data, a coarse registration followed 
by a fine registration using AICP is applied to the measured surface data so 
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that the measured surface can be aligned to the designed surface. The (x, y) 
coordinates of the transformed measured surface data (TP) are used to obtain 
the corresponding height of the designed surface. Finally, an areal error map is 
obtained by subtraction of the transformed measured surface data and 
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7.2.1 Data acquisition, conversion and pre-processing 
For micro-structured surfaces, measurement instruments which are 
able to measure the surface at a high resolution without damaging the surface 
are preferred to obtain the surface data. Typical instruments include Zygo 
surface profilers and interferometry profilers from Zygo Corp. of USA [137], 
Wyko optical interferometry profilers from Veeco Instruments Inc. of USA 
[121], Talysurf CCI series from Taylor Hobson Ltd of UK [138], and AFM 
from Seiko Instruments Inc [139]. The measured surface data set obtained by 
different measurement instruments is stored in a file in different file formats 
(.dat, .opd, and .xqd for Zygo, Wyko and Seiko respectively). It is converted to 
ASCII format by Gwyddion [140], which is an open source software for SPM 
(scanning probe microscopy) data visualization and analysis, so that it can be 
used by MATLAB. The measured data can be taken as a point cloud denoted 
as 1 2 nP={p , p , ..., p } .  
A typical micro-structured surface with sinusoidal wave along x and y 
direction fabricated by FTS diamond turning [106] is shown in Figure 7.2(a). 
It can be seen that many defects appear on the surface feature. These defects 
affect the performance of the surface registration algorithm. Therefore, the 
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        (7.1) 
where λxc and λyc are the cutoffs in x and y, and ln 2 / 0.4697α pi= = . To 
overcome the edge effect problem associated with the Gaussian filter, data 
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extrapolation by a point reversal method is applied to the measured surface 





Figure 7.2 (a) A measured surface with sinusoidal wave; (b) The measured 
surface after filtering 
 
Figure 7.3(a) shows the measured surface, which is the dashed 
rectangular region, together with the extrapolated data. The width of the 
extrapolated data at both edges of x and y directions are λxc/2 and λyc/2 
Chapter 7 AFEEM for Characterizing Micro-structured Surfaces                                    
National University of Singapore                                                                 NUS 
149
respectively. Figure 7.3(b) shows the extrapolated profile corresponding to the 
solid line in Figure 7.3(a). It can be seen that the extrapolation method is 
realized by padding a section of data at both ends of the original profile. The 
padded data is obtained by cutting a section of the original data with length 




Figure 7.3 Data extrapolation for the measured surface in figure 2(a): (a) 
extrapolated surface; (b) corresponding extrapolated profile 
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After applying Gaussian filter to the extrapolated surface, the section 
of data corresponding to the original measured surface is extracted as seen in 
Figure 7.2(b), which is denoted as 1 2 nP'={p ', p ', ..., p '} . With the sampling 
information (∆x and ∆y) of the measured surface, the XY plane is sampled as a 
point grid and the Z value for each point is calculated from the surface 
description function or CAD data using the same program as the tool path 
generation in [106] to obtain the designed surface data as a point cloud 
1 2{ , ,..., }mQ q q q= . Finally, the filtered measured data P’ and the designed 
surface data Q will be used for surface registration. 
7.2.2 Coarse registration 
Following the first effort in the characterization of micro-structured 
surfaces [143], an automatic coarse registration method is developed to 
estimate an initial position for the adaptive iterative closest point (AICP) 
algorithm so that the measured surface can be automatically aligned to the 
designed surface. There are three steps in the coarse registration process, 
including salient point detection, salient point description, and salient point 
correspondence as shown in Figure 7.4.  
7.2.2.1 Salient point detection 
The theory of salient point detection is well-established in 2D image 
processing [144, 145].  Recently, there are several impressive studies which 
have extended the saliency computation to 3D domain [100, 146-149]. Salient 
points are perceptually distinctive points which are different from their 
surrounding regions as Desolneux et al investigated from a probabilistic aspect 
that ‘. . . whenever some large deviation from randomness occurs, a structure 
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is perceived.’ [150]. Human tends to pay more attention to the maxima which 
are present in all scales of the surface model [151].  Finding visual salient 
points is not easy because the salient point should have the following 
properties: repeatability-salient point detection should be stable under varying 
viewing conditions; distinctiveness-salient points should focus on events with 
a low probability of occurrence. Inspired by these studies, a multi-scale salient 
point detection algorithm is presented to extract salient points, which not only 
gives a satisfying representation of 3D model but also makes the automatic 
surface characterization process possible. The main steps are as follows. 
 
 
Figure 7.4 Coarse registration process 
 
 (i) Gaussian-weighted multi-scale representation. The first step of salient 
point detection involves computing multi-scale representations for the surface 
model by applying N Gaussian filters on it. For each vertex v in the surface 
model, the neighborhood ( , )N v σ is point xi within distance σ as shown in 
Figure 7.5. As the Euclidean distance gave better results than the geodesic 
distance [149], Eq. (7.2) is used for searching the neighborhood points. With 
them, a new representation of the surface model ( , )G v σ  can be obtained using 
Eq. (7.3).  
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Figure 7.5 Determining the neighborhood points for each vertex v in the surface 
model 
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(ii) Saliency map computation. To compute the mesh saliency, the 
Difference-of-Gaussian (DoG) for each vertex v is defined in Eq. (7.4) as the 
difference between its Gaussian-weighted representation at scale ( iσ ) and 
scale ( ikσ ). According to [144], a close approximation to the scale-normalized 
Laplacian of Gaussian can be achieved by fixing a constant factor k for DoG 
computation, which is required for true scale invariance. k is set to 2 in this 
study. DoG(v) is actually a 3D vector which denotes the displacement between 
different scales. Here, we used six scales σi∈{1ε, 2ε, 3ε, 4ε, 5ε, 6ε}, where ε is 
0.3% of the length of the diagonal of the bounding box of the surface model as 
shown in Figure 7.6. 
 ( ) ( , ) ( , )i iDoG v G v G v kσ σ= −                            (7.4) 
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Figure 7.6 The bounding box and its diagonal for the surface model 
 
In the perceptual sense, the most significant motion of a vertex is along 
the direction perpendicular to its local surface, which is the normal at the 
vertex. Therefore, the saliency ( )iM v of a vertex v is computed by projecting 
the DoG(v) to its normal as shown in Eq. (7.5). 
 ( ) ( ) ( ( , ) ( , 2 ))i i iM v n v G v G vσ σ= ⋅ −                         (7.5)                                     
    In order to promote the small number of distinctive high peaks while 
suppressing the large number of similar high peaks in the saliency map, each 
saliency map is normalized using the non-linear suppression operator S 
proposed by Itti et al [145] as follows.   
• Normalize the saliency map to a fixed range [0, 1];  
• Find the global maximum T of the saliency map;  
• Find the other local maxima and compute their average t; 
• Multiply the saliency map by (T−t)2 to obtain the final normalized saliency 
map Mi . 
The saliency maps for the sinusoidal surface model at different scales are 
shown in Figure 7.7. 
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Figure 7.7 Images showing the saliency map for the surface model at different 
scales 
 
(iii) Boundary effect removal. The surface model is derived from the 
measurement data of the machined workpiece, which determines that it is not 
closed, or there is always a boundary. As the multi-scale representation is 
Gaussian-weighted average of the neighborhood points while the boundary 
points only have neighboring points at one side, the saliency of the vertices at 
the boundary region are distorted. This distortion will cause false detection of 
salient points at the boundary region as shown in Figure 7.8(a) where the false 
salient points are marked by circles. In order to remove the boundary effect, 
the following algorithm is applied. 
• Search for the boundary vertices within the surface model based on the 
fact that if an edge is a boundary edge, it has only one adjacent face and 
then the two points on the edge are boundary points; 
• Search for the vertices within distance 2σ6 to the boundary vertices; 
• Set the saliency of all these vertices to zero. 
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(a)                                                           (b) 
Figure 7.8 Salient points on sinusoidal surface model: (a) without boundary 
effect removal; (b) with boundary effect removal 
 
 (iv) Salient point extraction. In order to detect the most visual salient points, 
the saliency map at each scale is processed such that each saliency value is set 
to zero unless it is larger than the saliency of 85% of its neighboring vertices. 
The final saliency map for the surface model is then obtained by adding the 
saliency map at all six scales followed by a normalization process. Finally, a 
vertex whose saliency value is a local maximum and larger than 60% of the 
global maximum is detected as a salient point.   
7.2.2.2 Salient point description 
The aim of this step is to give each salient point an invariant value for 
correspondence in the next step. Different descriptors are available in 
literature [100, 148, 152], but the integral volume descriptor is adopted 
because it is invariant to rigid transformation and less sensitive to noise [148, 
153]. It is defined as the intersection of a ball of radius r centered at point p 
with the interior of the surface model as shown in Figure 7.9. The integral 
volume at curved regions is larger than that of flat regions. 
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The integral volume can be computed using voxel grid techniques [148]. 
However, the grid distribution is highly dependent on the mesh quality. 
Therefore, an indirect technique is used to compute the integral volume based 
on its relationship with the mean curvature. 
(i) Mean curvature estimation. There are many methods to estimate the 
discrete mean curvature for mesh models [154]. The mean curvature used is 
based on Alex et al’s method [100], in which it is related to an angle according 

















                                (7.6) 
where jγ  the angle between the normal of the two faces adjacent to edge (vi, 
vj) as shown in Figure 7.10. ne denotes the number of edges adjacent to vi. A is 
the sum of the faces area around vi.  
 
Figure 7.9 2D illustration of the integral volume descriptor (red: positive high 
curvature region; green: flat region; blue: negative high curvature region) 
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Figure 7.10 One ring connectivity for mean curvature estimation 
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= ⋅∑                                     (7.7) 
where H(vj) is the mean curvature of vj computed by Eq. (7.6). n is the number 
of neighbor vertices which is searched by the query ball as shown in Figure 
7.5. i jw  is a weighted factor between the center vertex vi  and neighbor vj, 







ijw = e                                             (7.8)                                                                        
where ijg  is the Euclidian distance between vertices vi and vj. ,i maxg  is the 
max Euclidian distance from vertex vi  to the other vertices in a query ball as 
shown in Figure 7.5.  
(ii) Integral volume computation. The integral volume descriptor at vertex p 








HV p r r O rpi pi= − +                         (7.9)                                                                 
where  ( )pH
 
is the local mean curvature at vertex p and r is the radius of the 
ball. The first term is the half volume of the ball, while the second term 
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involves the local mean curvature H  at vertex p. In this study, the integral 
volume descriptor is normalized by the volume of the ball 34
3
rpi , resulting in 
Eq. (7.10). Therefore, it becomes the ratio between the volume of the 




1 3( ) ( )
2 16
prV p H r O r= − ⋅ +                            (7.10) 
7.2.2.3 Salient point correspondence   
Let P’ and Q’ be the respective sets of salient points extracted from the 
measured surface model and the designed surface model. For each salient 
point 'ip P∈  and 'iq Q∈ , the respective integral volume descriptor ( )r iV p  and 
( )r iV q  are computed by Eq. (7.10). In order to estimate a coarse registration 
(Rc, Tc) which provides an initial position for the fine registration, the best 
triplet pair of salient point correspondence needs to be searched within P’ and 
Q’. There are two difficulties when searching point correspondence between 
the measured surface model and designed surface model. Firstly, the highly 
repeated pattern of the surface model determines that there may not be only 
one correct triplet pair of salient point correspondence. Secondly, the 
machining induced form error existing in the measured surface model may 
cause ( ) ( )r i r iV p V q≠  even though (pi, qi) is essentially a corresponding pair. 
Therefore, a correspondence search algorithm is proposed as follow. 
• For any salient point 'p P∈ , select the salient points q as potential 
correspondence if ( ) ( )r rV p V q ε− < , where ε is threshold value and set to 
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be 0.1 in this study. Therefore, a set of potential correspondences for each 
salient point can be determined and designated as (C(p1), …, C(pn)).  
• For each pair of salient points (pi, pj), choose any ( )i iq C p∈ , ( )j jq C p∈  
and set the point pair (qi, qj) which minimizes the distance root mean 
squared (dRMS) error defined in Eq. (7.11) as the associated 
correspondence pair, resulting in a set E2 of two-point correspondences. 
E2 is then sorted in order of ascending dRMS error. Any 2e E∈  whose 





1( ', ') ( )
n n
i j i j
i j
dRMS P Q p p q q
n = =
= − − −∑∑             (7.11)                                                  
• For each two-point correspondence 2e E∈ , add another potential 
correspondence pair (pk, qk) which minimizes the dRMS error. In this way, 
a set E3 of triplet-point correspondence is formed. E3 is then sorted in 
order of ascending dRMS error. Any 3e E∈  whose dRMS error is larger 
than a threshold dRMSε  is discarded. 
• For each triplet-point correspondence in E3, a rotation and translation 
matrix can be obtained by SVD method [155] and the corresponding 
coordinate root mean square (cRMS) error is then computed using Eq. 




1( , ) min
n
i iR t i
cRMS P Q Rp t q
n =
= + −∑                 (7.12)                                                                
• The first triplet-point correspondence in E3 corresponding to minimal 
cRMS error is taken as the best triplet-point correspondence.  
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In the end, the rotation matrix (Rc) and the translation matrix (Tc), 
which are obtained based on the best triplet-point correspondence, are the final 
coarse registration transformation {Rc, Tc}.  
7.2.3 Fine registration 
The coarse registration roughly aligns the filtered measured surface P’ 
to the designed surface Q by a transformation {Rc, Tc}, which can be viewed 
as initial position estimation process. With the estimated initial position, an 
adaptive iterative closest point algorithm (AICP) is proposed to fine align P’ 
to Q. It is modified from the traditional iterative closed point (ICP) approach 
developed by Besel and Mckay [93], Chen and Medioni [156], and Zhang 
[157] and variants of ICP algorithm [158].  
The procedure for AICP is illustrated in Figure 7.11 and involves the 
following steps: 
1. P (transformed from the filtered measured surface P’ by {Rc, Tc}) and 
Q are prepared for surface registration. The transformation matrices R 
and t are initialized. In homogeneous coordinate, R and t can be 
combined to form a transformation matrix T. 
cos cos cos sin sin sin cos cos sin cos sin sin
sin cos sin sin sin cos cos sin sin cos cos sin
0 1 sin cos sin cos cos








α β α β γ α γ α β γ α γ
α β α β γ α γ α β γ α γ
β β γ β γ
− + 
 + −   





where α, β, γ are the rotation angles, tx, ty, and tz are the translation 
along the x-aixs, y-axis and z-axis respectively.  
2. P and Q are triangulized to obtain mesh models.  
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3. For each point in P search for the nearst point in Q to form closest 
point pairs { , }i ip q . Reject the point pairs { , }i ip q with 
angle ,i inp nq< > , where npi and nqi are the normal vectors for point pi 
and qi respectively, larger than an angle threshold and the distance 
i iRp t q+ −  larger than a percentage of the largest point-to-point 
distances.  
4. Compute the optimal R and t to minimize the point-to-point error 







e Rp t q
N =
= + −∑                                    (7.14)                                                                          





e Rp t q n
N =
= + − ⋅∑                              (7.15)                                                                                        
where N is the number of matching pairs { , }i ip q , ni is the normal at 
point qi.  
5. Iterate the closest point matching and transformation until the change 
of error is smaller than a preset threshold.  
6. Extract transformation matrices Rf and Tf from T, apply {Rc, Tc} and 
{Rf, Tf} to P’ to obtain the final transformed measured surface TP, and 
calculate the root mean square error Sq which is defined in next 
section.  
7. Finally, generate a new designed surface Q and iterate from Step 2 to 6 
until the change of Sq is smaller than a preset threshold. 
7.2.4 Parameters for characterizing the form error 
With the coarse registration (Rc, Tc) and fine registration (Rf, Tf), the 
transformed measured surface data can be obtained by Eq. (7.16) in which (Xd, 
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Yd, Zd) and (TXd, TYd, TZd) are the coordinates of P before and after 
transformation. A corresponding Q can be obtained with coordinates (TXd, 
TYd, MZ). Therefore, the areal error map between designed surface and 
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                         (7.16)                                                                     
With the areal error map, quantitative surface parameters are needed 
for surface characterization in 3D. Although there is a lack of unified standard 
parameters for 3D surface characterization, there are some standards relating 
to the analysis of 3D areal surface texture, including ISO/DIS 25178 [160] and 
EUR 15178 EN [161]. The 3D surface parameters can be classified into five 
groups, including Height parameters, Functional parameters, Spatial 
parameters, Hybrid parameters and Features parameters [160, 161]. In this 
study, some height parameters including the root mean square Sq, Arithmetical 
mean hight Sa, and peak to valley St are used to characterize the form error. 
Depending on the applications and concerns, other parameters such as the 
feature parameters [160] may be chosen to characterize the areal error map. 
 
( ) ( )
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               (7.17)                                         
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Figure 7.11 The procedure for AICP 
 
7.3 Experimental verification and performance 
evaluation 
7.3.1 Accuracy evaluation by computer simulation 
To evaluate the AFEEM, a measured surface and a designed surface of 
sinusoidal grid were simulated based on the sampling information of the 
Veeco white light interferometer [121]. The simulated measured surface was 
transformed by adjusting the parameters (α, β, γ, tx, ty, tz) in transformation 
matrix T. Figure 7.12(a) shows an example of the simulated measured surface 
and designed surface. After applying AFEEM, salient points within the 
simulated measured surface and designed surface were extracted as shown in 
Figure 7.12(b) denoted as spheres. The best triplet of salient point 
correspondence, as shown in Figure 7.12(b), was established using the method 
discussed in section 2.2.3. With the triplet-point correspondence, the simulated 
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measured surface can be aligned to the simulated designed surface as shown in 
Figure 7.12(c). Finally, AICP was applied to fine align the simulated measured 
surface to the simulated designed surface and an areal error map was obtained 
as shown in Figure 7.12(d). 
 
  
       (a)                                                        (b) 
     
        (c)                                                          (d) 
Figure 7.12 AFEEM: (a) Simulated measured surface and designed surface; (b) 
Extract feature points and search for correspondence; (c) Surfaces after coarse 
registration; (d) Areal error map 
 
     Two points worth are specially mentioned here with regard to attaining 
sub-nanometer accuracy in the surface registration: 
1. Firstly, the point-to-plane error metric is adopted because it ensures 
more accurate registration results [159]. To illustrate it, simulated 
designed and measured surface data of a micro-structured surface with 
sinusoidal wave along x and y direction were generated as shown in 
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Figure 7.13(a) and Figure 7.13(b). Surface registrations by ICP with 
point-to-point and point-to-plane error metric were applied to the 
simulated measured surface. After surface registration, areal error 
maps were obtained as shown in Figure 7.13(c) and Figure 7.13(d). It 
can be observed that the ICP with point-to-plane error metric yields 
better registration results.  
2. Secondly, iteratively generate new sample of the simulated designed 
surface for refining the surface registration to minimize the sampling 
effect. Figure 7.13(e) and Figure 7.13(f) show the areal error maps by 
refined surface registration using different error metrics. Comparing 
with Figure 7.13(c) and Figure 7.13(d), it can be seen that the 
registration error is greatly reduced to sub-nanometer, which satisfies 
the surface characterization purpose. 
  
                                (a)                                                            (b) 
  
     (c)                                                      (d) 
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    (e)                                                    (f) 
Figure 7.13 (a) Simulated designed surface; (b) Simulated measured surface; (c) 
Areal error map based point-to-point error metric; (d) Areal error map based 
on point-to-plane error metric; (e) Refined areal error map based on point-to-
point error metric; (f) Refined areal error map based on point-to-plane error 
metric 
 
To fully verify the capability of the AFEEM, different combinations of 
the transformation parameters (α, β, γ, tx, ty, tz) shown in Table 7.1 were used 
to generate simulated measured surfaces and then AFEEM was applied to 
obtain the form error.  
 
Table 7.1 Accuracy analysis of surface registration for micro-structured 
surfaces 
 
α β γ tx (mm) ty (mm) tz (mm) n Sq (nm) St (nm) 
45o 0o 0o 0 0 0 96×148 0.03159 0.15949 
0o 45o 0o 0 0 0 96×148 0.03159 0.15949 
0o 0o 60o 0 0 0 96×148 0.03159 0.15949 
0o 0o 0o 1 0 0 96×148 0.04432 0.22591 
0o 0o 0o 0 1 0 96×148 0.04432 0.22591 
0o 0o 0o 0 0 1 96×148 0.04432 0.22591 
45o 45o 60o 1 1 1 96×148 0.03159 0.13685 
 
 
For each case, the Sq and St were recorded and summarized in Table 7.1. 
Since the simulated measured surface was essentially a portion of the 
simulated designed surface, the ideal form error should be zero. From Table 
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7.1, it can be seen that the Sq and St
 
are in sub-nanometer range and for 
different transformations the form errors are close to each other. Therefore, it 
can be concluded that the AFEEM is robust to rigid transformation. In 
addition, the sub-nanometer form error is a result of the threshold set in the 
AFEEM. However, the sub-nanometer accuracy is sufficient for characterizing 
the micro-structured surfaces. 
7.3.2 Characterization of real micro-structured surfaces 
To further evaluate the capability of the AFEEM, a micro-lens array as 
shown in Figure 7.14(a) was machined by FTS diamond turning [4]. The 
micro-lens array was measured by Veeco white light interferometer. Due to 
the limited measurement range of the interferometer, only one portion of the 
micro-lens array was measured as shown in Figure 7.14(b). Using AFEEM, 
the measured surface was aligned to the designed surface and a designed 
surface corresponding to the measured surface was generated as shown in 
Figure 7.14(c). The areal error map between measured surface and designed 
surface was obtained as shown in Figure 7.14(d). The Sq, Sa and St are found 
to be 0.15318 µm, 0.01143 µm and 3.0338 µm, respectively.  
In most commercially available 3D measurement instruments, the 
method for characterizing a surface is to filter the measured surface to obtain a 
reference surface and obtain the areal error map between the measured surface 
and reference surface. For example, Figure 7.14(e) is a reference surface 
obtained by Gaussian filtering of the measured surface, with which the areal 
error map can be derived as shown in Figure 7.14(f). The corresponding Sq, Sa 
and St are found to be 0.09382 µm, 0.00048 µm, and 3.1224 µm.  
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                                   (a)             (b) 
  
                                (c)              (d) 
  
                                    (e)              (f) 
Figure 7.14 (a) Photo of a fabricated micro-lens array; (b) Measured surface 
data of portion of the micro-lens array; (c) Designed surface data corresponding 
to the transformed measured surface data; (d) Areal error map between the 
measured surface data and the designed surface data; (e) Reference surface 
obtained by Gaussian filtering; (f) Areal error map between the measured 
surface data and the reference surface data 
 
Comparing Figure 7.14(d) and Figure 7.14(f), it can be seen that the 
areal error map obtained by AFEEM is better represented and provides more 
information for characterizing the machined surface. For example, the circular 
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marks on Figure 7.14(d) are form errors caused by FTS diamond turning due 
to the limited bandwidth of FTS used. This further verifies the effectiveness of 
the proposed AFEEM for characterizing the micro-structured surfaces.  
In this chapter, the proposed AFEEM algorithm does not consider 
measurement uncertainties, which may come from the measuring instrument, 
the environment, the operator, or other sources [162].  These measurement 
uncertainties bring about two types of errors, i.e. offset error and zero-mean 
measurement error, to the measured surface data (P). The offset error does not 
affect the surface registration and the evaluated parameters because it is 
reflected in the transformation matrix T as shown in Eq. (7.13). For the zero-
mean measurement error, its influence on the surface registration is minimized 
by the pre-processing process introduced in section 7.2.1. Nevertheless, the 
zero-mean measurement error will inevitably be part of the form error of the 
workpiece and affect the evaluated parameters of the form error. The 
uncertainty of the form error may be estimated using statistical techniques, 
which can be studied in future work. 
7.4 Conclusions 
The main objective of this study is to develop an automatic form error 
evaluation method (AFEEM) for surface characterization of the micro-
structured surfaces with sub-nanometer accuracy.  It features the following: 
• The coarse registration algorithm roughly aligns the measured surface to 
the designed surface by extracting the perceptually salient points in the 
surfaces, computing the integral volume descriptor for each salient point, 
searching for the best triplet-point correspondence
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coarse registration matrix (Rc, Tc). It facilitates the automatic 
characterization of the surfaces. 
• The AICP fine aligns the measured surface to the designed surface by 
using the point-to-plane error metric and iteratively generating new sample 
of the designed surface to ensure sub-nanometer accuracy for surface 
characterization.  
• Surface parameters are defined to characterize the form error of the micro-
structured surfaces. 
• The AFEEM is evaluated by a series of experiments involving the 
characterizing the simulated micro-structured surface with different 
orientations. It demonstrates that AFEEM possesses sub-nanometer 
accuracy for surface characterization. 
• The AFEEM has also been further verified using the measurement data of 
a micro-lens array fabricated by fast tool servo diamond turning. 
Comparing the areal error maps obtained by AFEEM and the method used 
in commercially available measurement instrumentation, it can be seen 
that the former reflects the actual form deviation of the machined surface 
and thus provides more information in characterizing the form error. 
From comparison of the simulation and experimental results, it can be 
concluded that the AFEEM is accurate and effective in characterizing the 
micro-structured surfaces. 
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Chapter 8  
Conclusions and Recommendations 
8.1 Conclusions 
The primary objective of this research was to study and optimize the 
fabrication of micro-structured surfaces by FTS diamond turning. Four 
separate areas have been studied in detail with the aim to achieve optimal 
surface quality of the machined micro-structured surfaces. These include 
geometric simulation and tool path generation, profile error compensation, 
machining mechanism and surface characterization, were thoroughly studied 
to ensure optimal surface quality of the machined micro-structured surfaces. 
The main contributions and findings are summarized as follows: 
1. A proposed design methodology for FTS diamond turning machine. 
The working principle for FTS diamond turning of micro-structured 
surfaces and a proposed systematic approach for designing an FTS 
diamond turning machine to attain desired performance have been 
investigated. A design criterion is established as a guideline to choose or 
design suitable type of FTS for designing FTS diamond turning machine. 
The effect of the design criterion is reflected on the distortion of the 
machined surface, including the amplitude attenuation and phase lagging. 
An incorporated controller configuration is introduced to integrate the FTS 
into the diamond turning machine, which ensures an easier way of 
programming for the fabrication of the micro-structured surfaces and a 
wider application to any types of micro-structured surfaces. Experiment on 
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machining MLA shows that the developed FTS diamond turning machine 
is simple and effective in fabricating micro-structured surfaces.  
 
2. Tool path generation and optimization for FTS diamond turning of 
micro-structured surfaces. An approach for tool path generation and 
optimization for FTS diamond turning has been developed to ensure high 
precision form and nanometric surface finish. Given the machining 
parameters, the tool path can be generated for micro-structured surfaces 
defined by either analytical or NURBS description. To improve the 
machined surface quality, the tool path is optimized by selecting the 
optimal machining parameters and compensating the nose radius effect. 
The optimal selection of machining parameters and tool nose radius is 
realized by a geometric simulation system which predicts the theoretical 
surface profile and the surface roughness to assist in the selection of the 
feedrate and the tool nose radius. As to the nose radius effect, a stable tool 
nose radius compensation method is proposed to remove the tool nose 
induced form error.  In addition, performance indices for the FTS and the 
surface complexity have been established to form criteria for selection of 
spindle speed and sampling number. Experiment on machining of a SWG 
has been conducted to show the effectiveness of the procedure based on 
the presented approach to determine the machining parameters. The 
measurement and 2D DFT evaluation of the fabricated surface show the 
machined surface fidelity and the effectiveness of the developed approach. 
The simulation system provides an efficient way to determine the optimal 
cutting conditions with consideration of the tool geometry, FTS dynamics, 
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and the capability of the motion controller, although the predicted surface 
quality value deviates from the real one due to that the influence of the 
machine dynamics and the machining mechanism. 
 
3. Profile error compensation in FTS diamond turning of micro-
structured surfaces. The component errors that cause profile error to the 
machined micro-structured surface and methods for compensating their 
effect have been presented. Sliding error and dynamic error are identified 
as two important causes of the profile errors in FTS diamond turning of 
micro-structured surfaces. The sliding error esz(x) is measured and 
extracted by an indirect method and used to modify the tool path zcs(ρ0) to 
pre-compensate the sliding error esz(x). Experiments on facing cut and 
machining SWR with modified tool path zcs(ρ0)  showed that the profile 
error was reduced by 66.8%. The dynamic error edz(x) is caused by the 
FTS dynamics and exhibited as different magnitude attenuation and phase 
lagging. Its effect on the machined surface fidelity is demonstrated in a 
simulated machining of SWX. To compensate for such dynamic error, an 
integral sliding mode controller is proposed to control the FTS so that its 
closed-loop performance Gc follows the desired dynamics. The inverse of 
the desired dynamics 1/Gc can then be easily applied to obtain the 
modified tool path zcd(t0) to pre-compensate the dynamic-induced profile 
error. Experiments on machining SWX and micro-lens array using tool 
path with and without pre-compensating dynamic error showed the 
influence of the FTS dynamics on the actual machined surface profiles and 
verified the effectiveness of the proposed compensation method. 
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Comparing with the Witoon’s method [126], the proposed control scheme 
is easier to implement and robust to the changing FTS dynamics. This 
method contributes to the minimization of FTS dynamics-induced profile 
error.  
4. Machining mechanism of FTS diamond turning of micro-structured 
surface. The machining mechanism of FTS diamond turning has been 
studied considering the properties of the material of the machined 
workpiece. Brittle material was chosen to show that the machining 
mechanism should be taken into account in selecting machining 
parameters in order to achieve high machined surface quality. It has been 
shown that FTS diamond turning is a potential machining process for 
producing crack-free micro-structured functional surfaces on brittle 
materials, which is difficult to achieve by grinding and lapping due to their 
complex shapes. To realize it, the maximum feedrate for the given 
workpiece and the tool-workpiece combination should be determined 
before machining. A machining model has been developed for FTS 
diamond turning of micro-structured functional surfaces to ensure ductile 
regime machining of brittle materials, in which the material is removed by 
both plastic deformation and brittle fracture, but the cracks produced are 
prevented from extending into the finished surface. Two damage 
parameters, i.e. the critical depth of cut (tc) for crack initiation and 
subsurface damage depth (Cm), are required in the machining model. The 
former is determined by plunge cut experiment, while the latter is 
determined by a proposed damaged region analysis method (DRAM) 
which is realized by analyzing the damaged region of a machined SWR 
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surface. With tc and Cm, an iterative numerical method has been proposed 
to predict the maximum feedrate for producing crack-free micro-structured 
surfaces. Experiments on machining of SWR and MLA were carried out. 
The damaged regions of the machined surfaces were observed by 
microscopes and compared with the ones predicted. It was found that the 
experimental observations closely matched the prediction. Furthermore, 
the micro-structured surfaces machined with the predicted maximum 
feedrate are free of cracks. In addition, measurement of the machined 
surface free of crack by white light interferometer showed that 
ultraprecision level of surface quality was achieved. The proposed method 
will be a good guidance for researcher and manufacturer to select cutting 
conditions for producing crack-free micro-structured surfaces on brittle 
materials. 
 
5. An automatic form error evaluation method for characterizing micro-
structured surface. A surface characterization method has been 
developed to evaluate the surface quality of the machined micro-structured 
surfaces. From the experiments using simulated data it was found that 
AFEEM possesses sub-nanometer accuracy for surface characterization. In 
addition, AFEEM was verified using the measurement data of a micro-lens 
array fabricated by fast tool servo diamond turning. Comparing the areal 
error maps obtained by AFEEM and the traditional method used in most 
commercial measurement instrumentation, the former better reflects the 
real distortion of the machined surface. Therefore, the proposed method 
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contributes to the surface characterization of the real form error of the 
machined surface. 
The limitations of the research are as follows: 
1. The tool path generation and optimization is built on the assumption that 
the cutting edge profile is circular. However, the cutting edge profile 
changes as the cutting tool wears, which can undermine the accuracy of 
the predicted surface profile if the difference is significant, and thus the 
chosen machining parameters. 
2. The studied brittle material, MgF2, is chosen because it is a relatively soft 
material so that the cutting tool can last for a relatively long time. However, 
most brittle materials are also hard materials which cause rapid wear to the 
cutting tool. For these materials, the accuracy of the proposed theory will 
be affected as the obtained parameters tc and Cm change with the wear of 
the cutting tool. In addition, the changing tool geometry effects the 
effective cutting angles and cutting speed and will also affect tc and Cm.  
3. For the surface characterization of micro-structured surfaces, the proposed 
method may fail if the micro-structured surface, e.g. SWR, has no salient 
points.  
8.2 Recommendation for future work 
1. The tool path generation module from traditional CAM software is not 
applicable to FTS diamond turning of micro-structured surfaces as the 
resolution of the generated tool path is usually at micron level. Although 
the tool path generation for NURBS based surface has been presented, a 
complex micro-structured surface may consist of many patches of NURBS 
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surfaces. Therefore, a complete CAM module for FTS diamond turning 
will be needed. 
 
2. The present study does not consider the influence of the varying effective 
angles in the cutting direction as the cutting tool is moving in and out of 
the workpiece when machining micro-structured surface. It should be clear 
that such influence may affect the size of the elastic-plastic zone at the 
tool-tip and then changes the tc and Cm. Therefore, further work needs to 
be carried out to develop an analytic fracture model or empirical 
experimental model for determination of tc and Cm which takes into 
account the varying conditions, by which the predicted maximum feedrate 
will be more accurate. 
 
3. In FTS diamond turning of brittle material, the tool wear greatly affects the 
determined tc and Cm. To increase the tool life, a tool swing method may 
be introduced to fully use the whole cutting edge [163]. In addition, new 
designs which combine the concepts of FTS and ultrasonic elliptical 
vibration cutting may greatly relieve the tool wear problem and makes the 
FTS diamond turning applicable to machine more materials [164].  
 
4. The tool wear affects the quality of the machined micro-structured surfaces 
and undermines this thesis’s study on the tool path optimization and 
machining mechanism. Thus, its influence should be systematically 
studied. 
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5. Although the areal error maps obtained by AFEEM better reflects the 
actual distortion of the machined surface compared with that obtained by 
the filtering method used in commercial measurement instrumentation, it is 
still difficult to accurately described this error quantitatively. Therefore, 
more study should be carried on 3D parameters to characterize the 
obtained error map.  
 
6. Although an algorithm has been proposed to automatically characterize the 
form error of the machined micro-structured surfaces, it relies on the 
offline measurement of the machined surfaces by commercially available 
3D measurement instrumentations. Due to the limited measurement range 
of the measurement instrumentations, it is difficult to characterize the 
surface quality of the whole surface. In addition, the characterization 
results are difficult to be used to help improve the FTS diamond turning 
process. Therefore, an on-machine surface profile measurement instrument, 
which is able to measure the whole surface, may be designed and 
integrated to the FTS diamond turning machine. 
 
7. Applications of the micro-structured surfaces need to be further explored 
and studied. For example, FTS diamond turning can be used to machine 
micro-structured surfaces on tribological interfaces to improve the friction 
performance of the mechanical components. 
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